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ABSTRACT

The state of the art of technology related to aerospace applica-

tions of millimeter and submillimeter waves has been reviewed. The work

performed is meant to be a supplement to previous reviews, and covers

the approximate time period 1962 to 1966. Detailed chapters cover the

following topics: generation, detection, transmission, propagation,

modulation, environment, antennas, measurements, radio interference, and

radiation hazards.

Charts have been prepared which provide a convenient summary of

the state of the art for the purpose of estimating the present capabil-

ity of point-to-point communication systems, radar, and radiometry.

The presentation is such as to enable a relatively simple procedure

for estimating the benefits to be derived from future improvement in

component capabilities.

A classification is presented which indicates the relative im-

portance of research in specific tec_ical and applications areas with

respect to their potential for improving the capabilities of future

aerospace systems operating in the pertinent wavelength range.
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Chapter I

INTRODUCTION

In recent years developments in the frequency spectrum between

microwaves and visible light can be considered to have closed the gap

which once existed. The availabXlity of devices to perform almost all

electrical or electronic functions of equipment on either side of the

"gap" has stimulated interest in their possible use and also encouraged

further component develoPment. One of the purposes of this work is to

bring up to date previous literature surveys _' 4 of the range from

lO GHz to 3000 GHz, with major emphasis above lO0 GHz.

In a recent signal density study a preliminary state of the art

survey of the electromagnetic spectrum from zero to lO25 cycles per

second was given. The main interest of that report was in defining

terminology and problem areas in electromagnetic interference. A

descriptive dis_ram of the spectrum and the nomenclatures used for

different portions of it were given. The region above lO0 MHz is of

interest for space operations although, to date, only the region from

100 MHz to 10 GHz has been exploited to any significant extent. Most

of the experimental work has been conducted only up to lOO GHz; however,

more or less standard components are available to 300 GHz. The literature

on sp_ce comm_mications covers primarily the range from 1 or 2 GHz to

10 GHz. Below 1 GHz, atmospheric, man-made, and cosmic noise ar_ con_dered

to be a major limitation, and above lO GHz, absorption by oxygen and water

vapor is high. '_gindows" at 15 GHz, 35 GHz, and 9_ GHz are currently

receiving attention.

-I-



The major objective of this work is to determine those areas

of research which are likely to provide the greatest payoff for aerospace

applications. These applications may be in communlcati_us, guidance,

geophysical sensing, telemetering, tracking, data processing, etc.

Since research in this frequency range is, in many cases, in early stages,

many of the applications of this work may be considered to be quite

remote. It mas decided that the absence of an immediate application was

not Justification for omitting a particular line of investigation, Thus,

the approach u_ed is to examine on a high technical level the present

state of the art to determine what physical principles .'areavailable

for exploitation in this frequency range in the development of methods

for generating, modulating, transmitting, receiving and detecting

electrical signals. In view of the aerospace applications , seme consider-

atlon is given implicitly to •size and weight requirements associated

with each c_ the techniques; however, larEe physical size or weight

associated with a particular development was not_ per se, considered as

Justifying omission of further'work, since pertinent components Could

be used ca ground based •termLuals of electronic systems°

Generally, the attempt _as been made to include in this report

all technical areas in which substantial work has been done° In order

to •place the various technical areas in their proper perspective with

respect to applications, a brief discussion of sc_e of the basic

millimeter and submilllmeter wave systems is given in Chapter II, along

with charts _hlch provide a succlnct summary of the state of the art.

One of the purposes of this chapter is to provide a common reference on

ol

I

I

!
I
I

I
I

I
I

n
I

l

I
I
I

I

I



i@

I

I
I

I
I

I

I
I
I

I
I

I

I
I

I
I

I
I

the relation between the various parts of such systems. Chapter III

gives, in one sense of the word, a summary of the report. In particular,

it lists a number of areas in which it is considered that additional

research would provide advances in the state of the art with the greatest

probability of success. Data supporting these suggestions are given

in the subsequent chapters.

For the purposes of this report (in accordance with c_

usage) the submilllmeter region of the electromagnetic spectrum is defined

to extend from 300 GHz to 3 THz in frequency, or from i mm (i000 pro) to

0,i mm (i00 _m) in wavelength, whereas the millimeter region is defined

to extend from SO GHz to 300 GHz in frequency or from i0 mm (i0,000 pro)

to i -_, (i000 pro) in _avelength.

The term "ultramlcrowave" is found in the literature and generally

includes both the millimeter and submillimeter range.

With regara to techniques, until recently the work in the milli-

meter range has been carried out by attempting to extend microwave

(classical) techniques, and in the submilllmeter range by extending

optical (quantum) techniques. The results of these approaches are clearly

evident in this report. However, the distinction is probably only one

of convenience, since recent developments have produced a clear over-

lapping in frequency of these techniques with the result that the under-

standing of particular phenomena may depend upon matching both conceptual

points of view.

-3-



i,i S0bTRCES OF INFORMATION

A very substantial review of technology of the region between

lO GHz and 300 GHz was reported in 19624 representing work up to 1961o

Separate report sections were issued on generation; components_ trans-

mission tec__nlques and materials; propagation and absorption; plasma

effects in aerospace communications; system considerations and

applications. It is a very complete document in the fr_quency range

covered, and by extension serves as one of the basic sources of such

information in the frequency range from 300 GHz to [_THz. Th_ report

described the state of the art as farms frequencies, power levels,

attenuations, and sensitivities are concerned° Applications were

described as such° No attempt was made to indicate what type of device

was best suited for a particular purposes nor w,_reparticularly promising

avenues of research mentioned°

References 2_ 33 _and 6 survey the border region b_tw,_en the

far infrared and _ubmil!_.meter waves°

Interest in optlcal.te_uiqu,_s _s been tremendously revived

in recent years by the _dvent of the optical maser (.laser) and the

pramise of high _uallty (eog o_ broadband and coherent) optical

communication, Fiber optlca opened another area of intere_to 7_8 Infrared

technology as a l_a frequency extension of optical te_hnlques _as

received a fair amount of attention and is the subject of several books° 9'.10

Propagation of millimeter and submilllmeter waves has been

studied by Long and others <Refs. ll, 12_ 3.. _ 14_ 15)o High atmospheric

attenuatiau is experienced at sea level o'_r most of the rar_e of 1 mm

to O.1 mac
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developments. Considerable interest has recently been demonstrated in

this field and new items worthy of inclusion appear in the literature
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Chapter II

SYSTF,.MS CONSIDERATIONS

2. i INTRODUCTION

Possible scientific and technical uses of the region of the

electromagnetic spectrum between 30 GHz and 1000 GHz have been presented

in various past publications.l' 2, 3

It is not the purpose of this presentation to provide a complete

listing of all possibilities; however, it can be stated that millimeter

_L_ submi _:--_- ................. _- _÷_^+'-_ _-_ +_^_7_._ _e_do

a) interaction with matter (spectroscopy, propagation phenomena,

investigations of planetary atmospheres, and planetary and

lunar surfaces, etc.)

b) passive and active radio astronomy (radiometry)

c) communications

d) radar

e ) navigation

In the field of radiospectroscopy, molecular absorption in gases

and vapors, resonance effects, nonlinear effects and other related

phenomena dictate by their own nature the frequency at which the investiga-

tions have to be carried out. In radio and radar astronomy the theoretical

resolution achievable with antennas of relatively modest size is obvious.

In communications two major factors suggest the use of millimeter wave

frequencies. The first is the bandwidth availability which is far in

excess of anything obtainable at lower frequencies; the second is the

high antenna gain obtainable with apertures of modest size. Additional

-8-



factors are the saturation of the lower parts of the spectrum and the

possibility of choosing millimeter and submillimeter wavelengths which

would provide sufficient attenuation to give effective protection against

electromagnetic countermeasures, jamming, etc., while at the same time

permitting the required communication capability.

In radar work the antenna size-beamwidth relationship and

available bandwidth allow range and angle resolutions higher than anythhng

obtainable at lower frequencies. Although the applications of millimeter

waves to navigation systems in air or in space have been rather limited

so far, it is possible to conceive new concepts and techniques which

should permit obtaining superior results. There may well be cases where

millimeter and submillimeter waves could provide the answer to not yet

entirely solved problems (e.g., all electronic zero weather landing

systems, terrain clearance indicators, collision avoidance systems,

altimeter for use on earth or on other planets or satellites, station

keeping systems when a large number of aircraft must operate in close

flight formation, rendezvous and docking operations in space, etc.).

There have been essentially two major factors against the

wlde-spread use of millimeter and submillimeter wave systems:

l) the difficulty of generating adequate amounts of power, and

2) the difficulty of obtaining low noise amplifiers and

detectors.

Atmospheric absorption_ which traditionally has been held as

another factor against millimeter and submillimeter waves_ although

certainly an obstacle in systems operating on or near the earth's surface,

is not encountered in space and falls off ragidly at higher altitudes.

-9-
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Millimeter wave development, which had been handicapped by the

two above-mentloned factors, was delayed around 1960 as a result of the

development of the first laser because of its promise to revolutionize

the communication field. Today, after six years of intense work on

lasers resulting in only limited advances in the field of com_uulcatlon

and i_icatlons of certain serious technical limitations, activity on

millimeter waves is continuing at a fairly steady pace.

T_nis chapter is not intended to analyze either (1) or (2)

above or to investigate the details of specific techniques. It is

mainly directed toward the identification and clarification of possible

systems in general forms. It is further intended to define significant

operational parameters for each system category°

Once such parameters are identified, it should be possible to

determine whether or not the present state of the art provides a

possibility of implementing a certain system. Similarly, it should help

to identify areas where additional efforts should be concentrated in

order to advance the state of the art.

2.2 SYSTEM CLASSIFICATION

For the purpose of evaluatlon_ it seems appropriate to try to

divide the many possible applications of millimeter and submilllmeter

waves into a limited number of general categories. After discussion of

the properties of these general categories and the ability of present

technology to meet requirements, specific applications can be evaluated

with reference to the given data_ provided they are such that their

prlncip_l characteristics are covered in the main categories. For this

o lO o



purpose, we arbitrarily choose the following three general classifications:

1. point-to-point communTcatlon

2. active radar

3 ° radiometry.

The polnt-to-polnt system is Chosen aS _elng most representative

of the application of co_unlcatlons for aerospace use primarily because

it is one of the simplest communication systems one can conceive.

Cce_nunlcatlon systems using millimeter waves do not now exist in any

form other than as experimental models in laboratories. More complex

communic&tlon systems are usually assemblages of polnt-to-polnt systems

(if the word point is used rather loosely). One of the most pressing

problems is communications from an earth-based station with a satellite

far off in space. Requirements for bit rates up to lO8 per second h_ve

been expressed as being realistic at some time in the next five years or

so. These bit rates should be available from transmitters in the satellite

or space vehicle and should be directly receivable either on the surface

of the earth or by a satei_llte orbiting the earth. Shorter range

missions, having reduced requirements, are of course also conceivable.

Examples of such systems are contained in refs. l, 4, and 5 and are

classed as ground-to-alrj alr-to-ground, alr-to-alr, ground-to-reentry

vehicle, ground-to-satelllte, satelllte-to-satelllte, moon relay, etc.

it is convenient to divide millimeter wave polnt-to-polnt

systems according to the following:

l) whether they are lo_ range o_" short range

2) whether transmission is through the atmosphere.

- ll -
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For transmission at long ranges through the atmosphere, the posslble

frequencies are sever@ly limited. On the other hand, short-range

commanication (such as at airports) might be feasible over a substantial

portion of the millimeter and submilllmeter spectrum.

Another type of point-to-pelnt comm_nlcatlon is that in which

a solid llnk is imposed. Such links are conceivable at millimeter _aves

for transmission fr_ one point on the surface to the other. Indeed,

very interesting technologies are available for consideration and

exploltatlan of such systems. _o further discussion of such systems

is given here because it is considered to be of relatively little importance

at the present time.

Various types, of radar can be included under the category of

radar systems. Radar can be used for object identification and location,

for navigation by means of sight_ on objects whose locations are accurately

known, for vehicle docking maneuvers, and for planetary or lunar surface

examination. Although radar systems cor-e in .r_ny types and varieties,

we shall consider here primarily the conventional system which emits and

detects pulses of radlo-frequency energy spaced at regular intervals.

Consideration should also be given to FM-type systems.

Radiometer systems are so. called because essentially they are

used to detect the presence of "hot" objects, Usually, these objects

emit energy in accordance with the black-body radiation law. However,

the word is also used to describe techniques used for the measurement

of objects which emit by other than a black-body process. For example,

one can detect solar radiation reflected from the surface of the moon,

-12 -



and one can also detect sources of random radio noise of cosmic origin

which, basically, are other tl_an thermal in their character°

Radiometers can be used to detect objects both near and far, and can be

used to explore the surface of a planet or a moon in order to obtain

scientific or technological information of interest in connection with

space flight.

Systems to which explicit consideration is not given here are:

altlmeters_ instruments for cloud and ceiling height measurements, clear

air turbulence detection, lunar communlcatlc_s satellltes_ molecular

spectroscopy_ radio astronomy, and such laboratory studies as the

measurement of properties of materials, and exploration of propagation

characteristics of various atmospheres@ Persons concerned with these

appllcatlons should be able to obtain the It_formation on the state of

the art pertaining to their particular use from the information presented

in connmctlon with the above main three system classes and data supplied

in later sections of the report°

2.2.1 Polnt-t o-Point

For the purpose of comparing polnt_to-pelnt systems_ we adopt

the relationship given below 5 for the ratio of signal power to noise

power in the receiver:

s GTGRP__2
N

r_(_,0__ [_÷(_,f,'_- __]__'o
(2.1)
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In this formula r is the range, k is wavelength, f the frequency, PT

the transmitter power output, GT the effective transmitter antenna gain,

GR the effective receiver antenna gain, B the bandwidth, and the quantity

in brackets takes into account both thermal and quantum noise. The quantum

noise h_B has been included merely in order to demonstrate the departure

of the noise performance of actual millimeter and submillimeter receiving

systems from the Ideal limit (see Fig. 2,2). Lo (> l) is a factor to

take into account losses in t_ansmlsslon other than free s_ace propagation

such as those due to atmospheric attennat1_on; N_-w, the ir_ormatlon _te

(R) is l_mlted by the Shannon formula

<___ log2 (i+ s)

S
and for _ small

S

Hence, we may write

_2__ G_a_P__2(1.44), (2.2)

(_)2hf[i+ (_hfl_- l),ll_°

Substituting for the antenna gain an equivalent expression in terms of

G_2
effective antenna aperture A = Aef f = q_ we have

r2_ : _ _ ,_(1.44). : v.._ P_ (2.3)
L



where

.

where M has been previously defined

1.44 1.44 M
v = -_ = M I01_

i.44

hkCIl + (ehf/kT - i)" _ h'_C'_=7 = 2"4 X I

as used in the above expression. •

Hence, we have finally

L r2R
O

"_ = AT AR PT (2.4)

In this equation, the numerator of the left-hand side describes the

ability of the system to transmit information. The rlght-hand side

contains the most significant design parameters which can be mutually

varied to provide the desired performance. The parameter in the

denominator of the left-hand side is to some extent controllable, and to

some extent uncontrollable. L° is, ef course, dependent on a basic

decision on the geographical layout of the system. There is an upper

limit on v which is determined in an "ideal"system by quantum noise.

Otherwise the value of v is a function of the effective temperature

(T in eq. (2.1)) of the receiving system (receiver and recelvingantenna)

I
I

I
I

and it is this quantity _hlch can be controlled to some extent in system

design. The quantity L° can onlybe controlled by choosing particular

geographic transmission and receiving paths, and operating frequency.

The equivalent receiving noise temperature T = TBS , the equl-

valent noise temperature of the system (receiver + antenna), is given by

TRS =T R +T A

- 15 -
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Where TR is the equivalent noise temperature of the recelver related

to the receiver noise figure FR by

I TR = To(F R - l) , TO = 290 °

I

I
I

The quantity TA is the equivalent noise temperature of the antenna used

with the receiver. (a technical discussion of this quantity appears in

Chapter X). Many factors affect it; in particular atmospheric absorption

is to be taken into account when the communication system is operating

through the earth's atmosphere at mm or submm wavelength.

the equivalent antenna noise temperature is given by

I

I 1 TB + 1
_A: (1-_.o) _o%_ + TSL + TBL

In that case

I
I

I

where TBL is the contribution of the antenna backlobes, and TB is the

average brightness temperature of the atmosphere. A value of TB _ 290°K

is normally assumed. TSL is the contribution of the o_nic losses in

the antenna and in the associated structures. This quantity can be

reduced by proper design to a value of tens of degrees. The sky

I

I

I
I

temperature Tsky includes the contribution of the moon, the sun, or any

radio sources viewed by the main beam of the antenna. Very little

information about Tsky is available above i0 GHz. However, radio maps

of sky temperature at lO GHz indicate maximum values of Tsky of a few

tens of degrees in prescribed regions of the sky. At this frequency

-l_ l; thus the cc_trlbutlon L -1 Tsky is at most a few tens of degrees.Lo - o

I - 16 -
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At the higher frequencies L decreases; for instance, at 400 GHz,

O

ILo-I _N 10-6 (see Fig. 2.5) which makes the total centrlbutlen Lo i Tsky

negllglble for all Tsky <_ 106°K.

Tf the antenna is operating ou_slde the earth's atmosphere I

and is not viewing any radio noise source, the antenna temperature will

be

TA = Tsky + TSL

When the antenna is outside the earth's atmosphere and is viewing the

earth

• 1 + 1 +
TA (i - _o ) TB ._oo Tearth TSL

I

I

I

I

I

I

Since Tearth-_TB =290° • I

On the Basis of the above considerations and the fact that

-1
O<L

0
< i, we may conclude that over the entire frequency r_nge of

i0-i000 GHz, when the anSenna is not Viewing a radio source, the total

equivalent noise temperature of the antenna is less if?an a few hundred

!

I

I

I
degrees. When the receiver equivalent nelse temperature is csmsiderably

larger than TA, the system equlvalentnelse temperature is determined

by the receiver. Receivers have been constructed up to 600 GHZ with noise

equivalent temperaturesranglng from !03 to 10602 (see Fig_ 2.2).

- 17-
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It should be noted in passing that if the values of the parameters

a.r_ all assumedPt' the power output and the antenna apertures,A T, AR, and L °

equal to 1 in eq. 2._, then the quantity v is the so-called "range rate"

(r2R). In actual practice, the effectiveness of various Communi_ation

systems can vary quite widely from the ideal which has been assumed.

The theory of such systems is adequately discussed in the literature

and will not be pursued further here. It must be remembered, however,

that values of the performance of a given system obtained in this

analysis are idealistic. The order of mag_it1_e _._es _+_^_

however, should be practically realizable _ith an appropriate amount

of development work.

Hence, utilizing these relationships, if one specifies the

transmitted power, effective ante_n_ gain, frequency, transmission loss,

noise figure and reference temperature (usually 290°K), one can obtain

the maximum possible system capability. Values of the pert•Inent

parameters as a function of frequency are given in Figs. 2.1 through 2.5.

The curves shown represent the apprQximate best state of the art of

each of these parameters at a given frequency. On a number of curves

the performance of certain presently available components is indicated

as a documentation for the curves. However, the actual state of the

art is r_flected in more detail in similar data given in appropriate

chapters which follo_ in this report° Additional data are also glvmn

in references h-8.

-18-



The curves of Eigs. 2.1 through 2.4 are derived by taking

l0 times thelogarlthm of both sides of equatlnn _.4 yielding

_ologr2_- lOlogv + i0log_o= lOi_ P_+ I0logA_+ lOlog

In thAs form each term can be plotted as an equivalent number of decibels

(or decilogs) as appropriate. Then the performance of any given •system

can be readily estimated by simple addition (or subtraction) of appropriate

coordinates.

Figure 2._ gives the value of the first term on the left of

eq. 2.6 as a function of the re_u!red performance in range and rate.

Figure 2.2 gives the value of the second term as a function of

frequency and receiverequlvalent temperature. Thlscurve also showa

some representative points indicating some of the better performing L

detectors available at the present time.

Figure 2.3(a) showm output capabilities or representative CW

transmitter generators (tube and solid state types). The present state

of the art is shown by the dotted curve. Equivalent data for pulsed

sources a_ shown in Fig. 2.3(b).

Figure 2.4 shows the effective antenna aperture in dG (decilog)

2
with respect to 1 m as a function of frequency for varlousavailable antennas.

Above 200 GHz the curve has been arbitrarily extended horizontally at

the size of the 200"Mount Palomar telescope. Figure 2._ shows also

the limit on antenna size as a result of atmospheric scintillation, ll
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For transmission based on the earth_ atmospheric losses must

be taken into account. These losses (in d_) are shown in general form

in Fig. 2.5.

In the followi_g we shall determine the capabilities of a number

of cor_nunlcatlon systems with the aid of the general state-of-the,art

curves given in Figs. 2.2, 2.3, 2.4, and 2.5. The following cases are

censldered :

io

2.

space vehicle to space vehicle

space vehicle to ground station°

Practical considerations lead to the following assumptions

concerning the components of the systems considered.

a) Space vehicle antenna size is limited by booster capability

and space vehicle weight allocation. Antennas with aperture areas up

2
to lO m are representative of current capability°

b) A_.tenna size at the ground station is assumed to be given

by the state-of-the-art data of Fig. 2°4°

c) Millimeter and sub_n sources on board space vehicles and

at the ground station are assumed to be given by state-of-the-art curve

of Eig. 2°5°

d) Receivers on board space vehicles are crystal mixer super-

heterodyne, whils the ground station can employ masers, superheterodyne

(crystal mixer) or parametric amplifier receiver systems.

-2_ -
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2.2.1.1 Space Vehicle to Space Vehicle

In this case L = i, since no losses other than free space
o

loss are present,

2

AT =A =10mr

and the logarithmic form of the range rate equation reduces to

r2R [dG] = i0 log v + i0 !og PT + 20

Using Figs. 2.2 and 2.4 which give the dependence of the first two terms

on the right-hand side of the equation above on frequency, one obtains

the result shown in Fig. 2.6 for the maximum capability of this system.

Figure 2.6 shows r2R = 280 dG at i00 GHz; Fig. 2.1 shows that this capability

will indicate, for instance, a communication rate of 106 bits/sec over

8
a range of I0 km, which is of the order of the mean range to Mars

(~ 8 io7 k_).

2.2.1.2 Ground Station to Space Vehicle

In this case the effect of the atmospheric attenuation presented

in Fig. 2.5 is to be taken into account. The effect of this attenuation

appears twice in the rate-range equation] once directly due to the term

(i0 log Lo) and once indirectly through (i0 log v), since v represents

the receiving system capability and can be expressed as shown in Fig. 2.2

by the equivalent receiver noise temperature.

- 27 -

ol

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
I



I

d

%

tL-

I_

I_L _

- Z

" t-

_r:

I _mm
u.

I Z

- 2b -

e.,



If we assume that the receiving system equivalent noise

temperature TS is approximately equal to the TR_ the equivalent

noise temperature of the receiver, and use the value of v shown in

Fig. 2.2, we will have for the range-rate equation

r2R (dG) = i0 log v + i0 log PT + i0 log A T + i0 log A R - I0 log L°

where the first term is given by Fig. 2.2, the second term by the

state-of-the-art curve of Fig. 2.4, the fourth term is taken to be

2

i0 dG since the space vehicle antenna is assumed to have AT = i0 m .

The fourth term is given by Fig. 2.4 (state-of-the-art curve) and

the fifth term is given by Fig. 2.5. _ne result which is the maximum

capability of this system is shown in Fig. 2.7, which also shows

clearly the degradation in the range-rate due to atmospheric absorption

in the atmospheric windows.

2.2.2 Active Radar

The performance of a radar system can be given in terms of

_btained from equations 2.1 and 2.3 ofthe following equation,

tG_2_ ]
ref. I0 and the relation Aef f =<_--j; o = target cross-sectional areaj

4 P A 2
r max t elf

4_ k2 hfB + _e kT - L 2o

A 2
Pt eff

4_ (1.44) B
V

2
L
o

(2.7)
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Here, the signal-to-nolse ratio has been arbitrarily placedequal

to unity at the maximum range, the receiving and transmitting antennas

have been assumed to be identical, B is the bandwidth and vthe same

quantity previously defined. It should also be noted that the more

general form of the noise relation, which takes into account the

quantum limit, has been inserted°

Where pulse integration is used, it is customary to use the

energy ratio (ratio of total energy received per observation time

to the noise power density)@ _e minimum value of this qhantity will

also be assumed to be unity at maximum range; hence

4 2

r ma_____x Pt Ae_f

O O
L
O

where • and f are respectively the pulse length and pulse repetition
O

frequency, to is thus observation time° Now let x fo to = Tp = the

total time in an observation period in which power is transmitted.

Then eqo 2.8 becomes

4 2 2
r ,max Lo v Pt Aeff

Previous figures can be used in evaluating this relation

for v (Fig° 2°2), Lo (Figo 2_), P__ (Fig° 2°3) and Aef f (Fig° 2.4).

With specific vah_es for any given system inserted aspreviously,

the range can be obtained from Fig° 2o8_ With present state-of-the-art
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components, the maximum radar performance is given in Fig. 2.9,
4 2

r L

which performance is the value of max o . This capability is
cT

P

shown for both CW and pulsed sources.

2.2.3 Radiometry

A radiometer is essentially a power detector. It is primarily

used in connection with incoherent radiation sources.

The minimum detectable temperature change AT is given by

AT - TRs (2.1o)

where TRS is the equivalent receiving system noise temperature

B is the effective bandwidth of the radiometer

and _ is the integration time.

TRS is given as follows:

s + + TB +__ sTRS = To(FR-I) + TBL + - "_- Tsky L -_- T +s TSL
a o a

(2.11)

where

TSL = contribution of ohmic losses in antenna and associated
structure

T = reference temperature (usually 290°K)
O

FR = noise figure of receiver; for superheterodyne receivers

= Lc(FIF + NR - i)

L = conversion loss
c

NR = noise ratio
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FIF = noise figure of IF amplifier

TBL = back lobes temperature

Tsky == sky temperature

1
_- = loss factor of propagation = exp (_(h) dh sec
o

(_(h) = attenuation constant, function of altitude

TB =

L

P

a

slant angle of ray
0

T(h) d(Lo) is the brightness temperature of

Lp absorbing medium

the loss factor of propagation at the ground level

ratio of source solid angle to antenna beam solid

angle

TS = brightness temperature of the source

Assume that the source of radiation which is to be determined

has an effective temperature difference from that of the receiver

(TRs) of _T S. If the solid angle subtended by the source (_s) is

smaller than the solid angle of the main lobe of the antenna (Oa),

then the temperature difference observed by the receiver due to AT S

will be (if atmospheric losses are neglected)

AT So
a

2
k

Hence, we may write (usingQ2.10J and the relation O_ = A
eff

I "V-B-- "_ Aeff

% _S(min) % _RS a2T_S

(2.m)
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Now, replacing the effective receiver temperature by an equivalent

expression, taking into account the quantum noise, ie.

[ (,e)1TRsk -I

--_--_ i+ -

Vi have

_.......i • k _ vA

where v is as previously defined° Utilizing decilogs, one can

calculate the sensitivity of any system utilizing a state,of-the-

art ground-based antenna and any of the specified detectors. The

results are shown on Fig. 2i10. Note again, however, that atmos-

pheric losses have been neglected° They can be serious except at

those frequencies corr_pon_n_ _o v___vi_.,rlosswind_so

Note that in Fig. 2°10 the re!a_ive performance of coherent

and incoherent detectors is readily determined° Attention is drawn

to the trend in incoherent detector performance to become superior

to the superheterodyne receiver at higher frequencies.

In the case where the antemna main lobe solid angle is

narrower than that of the object being viewed, then &T in (2.10)

is equal to ATS, and we have

This relation is independent of antenna size@

- 36 -



::|

i

el
I

I
I
I
I

o i0

_o

I

I
I
I

I
I

I



i@

I

I
I

I

I
I

I
I
l

I
I

I

I
I

I

I
!

2.2.4 Plasma Reentry Communications

A system problem not included in the above discussion is that

concerned with the radio blackout experienced by a space vehicle

reentering the earth's atmosphere. Although at one time it had been

assumed that communications c_ald be maintained at 93 GHz, recent

evidence indicates otherwise. A fairly detailed analysis of this

problem in the case of lifting reentry vehicle has been published

12
recently; however, it does not provide quantitative data at fre-

quencies above lO GHz. in this work no particular effort was made

to evaluate this phenomenon because of the rather extensive programs

underway elsewhere.
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CHAPTER III

SUGGESTIONS FOR RESEARCH

3.l INTRODUCTION

We can look upon research as contributing to:

1. the fund of knowledge

2. the development of techniques applicable to i_diate

or other problems

3. the revelation of the existence of effects other than

the one being investigated which are of importance.

The recommendations given in this chapter are based upon

a possible payoff in any of these categories. They are, of course,

restricted to those which relate to the extension of our knowledge

of, and ability to apPly, techniques of millimeter and submiilimeter

waves in aerospace applications. _aese applications can be considered

to be of a rather broad nature, as has been discussed already in

Chapter II.

With regard to physical limitations on the use of devices

in aerospace applications such as size, weight, necessity for operating

at cryogenic temperatures-,- etc; it is recognized that certain of .

these techniques may be severely limited at the present time'

However, for many of the teahnlques, it may be expected that new

develepments mW _-Terco__esuch lizLit_tions. Furthermore, in some
t .

applications, some of the equipment may be located on the surface of

the earth where such limitations do not apply. For these reasons,

such limitations have not been considered as justS_fy:Lngel:__min%tion
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3.1.1 Summary of Reco_me_-_dations

Table 3.1 gives a summary of areas recommended for' fnrther

research_ classified according to technical area and according to

their promise for useful results. A brief discussion of each of

t_ese recommendatio_Ls is give_ in succeeding s_ibparagraphs of _°

chapter as identified by the number next to the listing in the

table. For more detailed discussion of each of these areas_

subseq.aent chapters of this report should be cor sulted.

3.2 i_EST!6ATI0__{ OF _MATerIALS

Because of the lack of i::strmmentation in the millimeter

and submi!limeter wavelength range, knowledge of :_:_y of the

important properties of materials has been limited. A4kmittedly_

there are some data on materials in this frequency range, but they

are considered inadequate for resear<;hers and development engineers

who have _eed of them. Hemce_ it is recommended t_:at the following

careful izjestigations of material properties be _arr!ed ou_:o

Along with this work_ investigations should be made of the possi-

bilities of syrthesizing new materials with properties that are

particularly desirable for the purposes a% hand. A descrip+;ion of

areas of i:_terest follows.

3.2-1 Dielectrics

Values of diele:<tric constant and aonduc_;ivity in the

submillimeter range are needed in s2_e development of v_rious types

of transmission lines, in addition_ the development of Fabry-Perot

type filters is dependent upon knowledge of these parameters.
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3-2-2 Ferr_tes :.

Ferrite. materials have a variety, of .applications,

These include waveguide components, modulators, amplifiers, and

reverse isolators in masers. As discussed in Chapter VII, a relatively

!argo number of materials _:_ available for consideration, and data

ontheir characteristics are critically needed.

3.2-3 Semi_onductin_ Materials

It appears from our study (see Chapters V, V! and _) of new

p_nommna and effects _n sem!cond_!cto_s_ which _re relevant to

|nlmillimeter techniques, that the study of a number of somewhat

unconventional properties of semiconductors is very important and

promising for the proper development of new, and the extension of

existing, techniques to the submillimeter region.

Thus, the modulation scheme based on the electric field

del_ndent mobility property of germanium requires the _tudy of

this phenomenon (usually called "hot electron conductivity") from

the point of v_ew of sensitivity and frequency response (probably

limited by the reciprocal of the electron relaxation timely. The

hot electron thermoelectric detection scheme requires the development

of semiconducting materials with very short dielectric and electronic

relaxation times, The details of the electron energy band structure

in some semiconductors such as _aAs, InSb, etc. is of primary interest

in the development of G_mn generators; specifically, it is desirable

to have materials with small energy spacing between the condmction

- 44 -



band and satellite high effective mass e_tergy bands, high saturation

velocities, and short electron relaxation times. The pressure

tuned and composition dependent injection diode lasers require a

detailed knowledge of the dependence of the energy gap width on

pressure (deformation potential) and natural composition.

In summary, it is considered that a study of this type may

be one of tile most effective methods of advancing the technical

state of the art in the utilization of semiconductors with miLiLmeter

and submillimeter waves.

3-2-4 Maser Materials

Paramagnetic materials are needed for maser operation above

i00 GHz, which is the limiting frequency to today's most commonly

used maser material--iron doped TiO 2. The latter has a spin 5/2

with a zero field splitting of 43.3 and 81. I GHz. Gerritsen and

Sabisky I investigated the paramagnetic resonance of trivale_t

manganese in rutile and concluded that this material may be appro-

priate for submm masers. It has a large outer zero field splitting

of 412 GHz, fairly long relaxation times, and nar-"o_ resonance

lines. Another material that looks Tavorable as a possible maser

material for the subn_n range is Mg02o It is an especially good

transmitter when cooled to 90°K, or below.

New materials suitable for an optically pumped maser are

needed. _le requirements are that it have a long spin lattice

r:laxation time at elevated temperatures for micro-wave frequencies

- 45 -
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and a short radiative lifetime for the optical pump transition.

Pump power dissipation and pump coupling efficiency must also be

considered°

3 °3 GENERATORS, ELECTRON BEAM TYPE

It is inevitable that in the development of millimeter and

submillimeter wave generators of the classical variety attention

should be centered about phenomena which do not require mechanical

structures with striz.gent tolerance requirements. A number of

Cerenkov radiation, and multi-stream interaction have been considered.

Bremsstrahlung, 3 and transition radiation }'_ have been sh_n to

produce intensities substantially below that of Cerenkov radiation,

althous_ the interaction impedance of the latter was shown to be

small, as well, 5 in the case Of isotropic media. Even though this,

in itself, would not preclude consideration of these phenomena as

potential generators, it is believed that those which are expected

to yield higher output intensities should be considered first.

3o3oi Specific Devices

There is little doubt that the most suitable devices for

extending the frequency range are those of the distributed inter-

action variety° In the study of these, the principle of the

bermutron appears most promising. With respect to other devices

of this class, a study of maximum frequency and efficiency limi-

tations of electron beam-dlstributed circuit interaction seems

-_6-



almost imperative in order to avoid unnecessary and costly delays

in attempts to develop devices outside the range of their usefulness.

I

I
The Teaser has shown harmonic outputs at submiliimeter

frequencies and is based on a principle that is promising because

of its simplicity, as well as some successful experimental results.

This device seems to have received inadequate attention to date.

3.3.2 Harmonic Mixin$

I

I
I

The dispersion relation for beams ÷- _'° _ the same

space (one dimensional analysis) is given by

i=l

I
oo

Opi2 or = _i _eP2f(u)du(_-ku°i)2 1 _ (_-k_>2 ' I

depending upon whether there are n discrete beams with discrete

velocities Uoi, and plasma frequency_pi , or whether there is a

continuous velocity distribution f(u). k is the propagation vector.

Oscillation at various harmonics is possible for complex values of

I
I

I
for real values of k. Such harmonic radiation e_-,e_ated by ang .....

electron beam in a plasma has been observed 6'7 below i0 GHz.

_is scheme is free of the limitations imposed by mechanical

tolerances. Instead, it is restricted by rather poor RF coupling

mechanisms. Analytical studies (more than one dimension) of multi-

stream interaction are recommended to determine ultimate frequency

limits_ with particular attention centered about efficient coupling

I
I

I
methods.
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3-3°3 CerenkovRadlatlon

A substantial controversy continues with respect to the

effectiveness of this phenomenon as a potentlaiEF generator. Even

though the Interactlonlmpedance is low (_ 200_), Coleman 8 has

observed 0.8 watts at 39 GHz _ with a relatively simple Coupler.

Periodic metallic couplers have been used. Consideration should

be given to introduction of a periodic diele_trlc coupler which

may have two advantages_ (1) Beoause of its periodicity, and the

resulting effective anlsotropy, the interaction impedance may

be increasedl and (2) Because of the periodicity of both the beam

and the structure, substantial power may be available in high

order harmonics° It is recommended, therefore, that utilization of

Cerenkov radiation in dielectric periodic structures be considered

for the determination of interaction impedances az_d output frequency

spectra°

3°3.4 Backward Wave Devices

Backward wave oscillators have been developed to frequencies

in the neighborhood of 720 GHzo Their size is presently considered

to be a serious limiting factor. However, the device has by no

means been optimized in this respect° Since it has been indicated

that the size of such devices can be reduced, at least in the lower

range of frequencies of interest, a basic study should be made

Indicating theoretlcal as well as practical limitations on this size.

The electron efficiency must be maximized to obtain optimum results.



Fi_e watts have been obtained at 5 mmwith a two pound device. Power

supply may be the major weight problem. It is recommended that

a basic study be made of the relation between electron efficiency

and beam geometry and focusing techniques. The possible availability

of exotic magnetic materials may be a major factor in the success

of this study.

3.4 QUANTUM GENERATORS AND AMPLIFIERS

3.4.1 Submillimeter Molecular Masers

These devices, which have been in development for only about

two years, have produced stimulated emissions at wavelengths from

20 to 350_ (sec. 5.2.2.2(3)) using electric discharge excitations

of different gas molecules such as water vapor and _ radical

compounds. The high power levels (of the order of watts), operation

at room temperature, and the multiplicity of emission wavelengths

in the submillimeter range obtained by this method, make the latter

a very promising and useful generation scheme. _ee goals should

be achieved: (a) to extend our knowledge of how _qese devices

operate (some of them are not now completely understood), (b) to

find new emission lines in the yet uncovered gaps of the submillimeter

band, and (c) to optimize their size and efficiency°

3.4.2 Pressure Tuned Submillimeter Diode Lasers (see also Sec. 3.2)

A narrow energy gap semiconductor, PbSe (E G = 0.165 eV) was

recently used with success in a diode laser (5.2.2.2(4)) by a group

at the Lincoln Laboratory, MIT. The natural lasing wavelength is 8.5_o
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The Possibility Of increasing this wavelength continuously up to a

few hundred microns by applying a pressure to the semiconductor is

a very attractive possibility° _ae drawback of this scheme is the

necessity of a_il_f bulky equipment in order to provide cooling

and high pressures° More recently, PbxSnl.xTe alloy Junction lasers

were ,tudied (5o2o2o2(J_))_t the Lincoln Laboratory, and coherent

emission at 16_ was observed° _arthermore, sin_e the bend gap is

found to be an increasing i__ction of x, it is thought possible to

reach very_ small values of energy gap width by choosing the pro_er

Xo An intensive study of such alloys seems to be very promising.

3°4.3 Photoelectric Difference Fre_uenc_ Generatioz±

The availability of _tical lasers _ith substantial power

outputs, and the possibility of continuously shifting the lasing

wavelength subs+mntially, me_kes mixing of these beams an attractive

way of generating mm and submm _mve energy of continuously variable

frequency° P_ot_mlX_rs e_i_As :_s have been under investigation.

One of these is a photoemissive mixing scheme being investigated

at the University of Sheffield° Here, _o ruby laser beams impinge

on the photoe_Issive surface of a strip transmission, lineo With

proper adju.stments of the az_les of incidence of the t_o beams the

photoemlssively generated differeI_._efrequency will possess the

proper propagation constants i_ the t-_'ansmission line and therefore

will be received at the output of the latter° No experimental

results .are available ho_evero Another is a scheme developed by
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Microwave Associates, Inc. which uses a high speed heterojlnqction

(Sec. 5.9).

Two investigations are proposed. One of these is primarily

theoretical, aimed at a thorough theoretical evaluation of the

photomixing techniques. In the other, a variation of the heterou

Junction scheme should be studied. In this the space charge junction

region of the p-n heterojunction GaASxPl_x---_GaAs is used as a

waveguide to guide the difference frequency directly to a radiating

antemua. The construction of Such a device should not represent

major difficulties since the epitaxial layer growing as well as

masking with close tolerances are well-developed tec_-niques (see

Fig. 3.1).

Another possible scheme may result from the use of the high

speed point-contact photodiodes described in 5.9.3]2. It is, indeed,

possible to Visualize a scheme such as that shown in Fig° 3.2,

where the point contact lead which carries the photoconductively

generated difference frequency signal launches the latter in a

particular waveguide (oversized or regular).

3.4.4 Bulk Semiconductor Phenomena

3.4.4.1 The Gunn Generator (see 7.4)

It is felt that research efforts should be fruitfully con-

centrated on further work on the Gumu effect in the immediate

future since :

1. The operation mechanism is reasonably well _uderstood.
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2. No other phenomenon or device kno_n_ at present can

compete with the simplicity, the small size, and by

now high efficiency (6_) of the Guuu oscillator.

3. Operation is at room temperature.

4. Higher output powers might be obtained by phase locking

several Gunn generators.

°_ _ _ •Research in this area should be oriented toward the 1___weL,tl-

gation of new materials (other tD_.n C_As) rather than trying to

gep_rabe higher frequencies from thinner and thinner C_As wafers.

It is fairly well established (see Chapter V) .....b_ha_ the upper limit of

generated oscillation frequencies in GsA.s is a few-h,_dh_ed GHz for a

l_ thick wafer.

An important breaktD_ough in o,_t__n__.g higher oscillation

frequencies can only be achieved by the discovery of materials with

.4-u" _ - -sensibly larger sat-_ation veloc_o__e_ v and small_ _ scatte-_ing
s

times _s_ t_han in CaAs, together with small energy separation AE

between the main co!Auction band and the satellite high effective

mass miuima.

imp_o_emen_ in the efficiency- of theFinally_ considerable .......

device appears to be possi:ole by changes in geomet.::'_ J I0.

3.4.4.2 Negative Mass and Bremsstrahlung Amplifier-C_nerator Schemes

_'_ese t_o schemes are still i-_ the theoretical stage (Sec. 5-3,

5.6 and _.8); however, they offer very attractive possibilities, both

in terms of generation and am@lificabion of submillimeter radiation.

Even though an immediate resulo may not be expected from an investi-

gation in these areas, such efforts _,ould certainly be worthwhile
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for a long-range program. In particular, it is stror_ly recornended

that research efforts be made similar to those at the University of

Michigan, described in Section 5.3-

3.4.4.3 Josephson Effect

The Josephson effect has recently received enthusiastic

attention for application tO a number of devices because of its

theoretical efficiency and voltage tuning characteristics,

Experiments to date have been dlsappointi__, but further work is

certalnly Justified.

3.4.5 Amplification by Stimulated Emission

We refer here to the schemes described in Section 5.8.3.

With the advent of the submillimeter masers (5.2.2.2(3)) it should

be possible to develop, wlth little difficulty, a scheme identical

to the He-Ne amplifier (5.8.3.1) in the submiLlimeter region making

use of the recently discovered active gases. Such amplification

ll
(although of small magnitude) has been reported very recently.

Also, solid state maser amplifiers such as the chromium

doped titanium dioxide (Ti02) 8 r_n traveling wave amplifier, ....

described in Section 5.8.3.2,can very likely be developed for any

frequency range provided a search for the proper material is made.

The most interesting features of such an amplifier are: (l) a wide

tuning range, (2) a reasonable bandwidth for most applications,

(3) operation on a continuous basis, (4) a very low noise figure,

and (5) high gain stability. Another feature of solid state
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amplifiers is the possibility of generating or amplifying a signal

at a hig_her frequem:y than the pump frequency. Such an operation

was achieved first by J. M. Minkowski of Jo,_s Hopkins Jniversity

with f = 5.6 GHz and f = 9.8 GHz. It was re,,_n_y demonstrated
p s

12
in t_:e _. wave region by W. Hughes of Westing_".ouse with

f = 65.2 GHz and f = 96-7 GHz. Higher frequency operation is
p s

predicted to be possible with Cr +3 impurities in t__gst_tes

(f _ 200 GHz) and in calcium fluoride and stronti_u chloride
s

(60-300 GHz) 13 with manganese-doped futile (fs _ 300-_50 C6z_ I.....

and with optically p_mped maser materials (f < 2000 GKz at 4.2°K
S

for ruby) 14 _ae latter two materials can poosl_±y_ -_7 be used at

liquid nitrogen ter_perature operation.

Since M +3-doped rutile has a large zero field splitting
n

(412 GKz), the number of spins in the uppermost level at 4. PK

is small. By raising the temperature to 77°K, the nu_mber of

spins will increase and stronger interactions will r.....it. In

addition, the material has a large pump to si__a! frequenc_ ratio

(6:1). _nese two characteristics should give m_,ser gain at ele-

vated temperatures. Also, by pumping a maser at frequencies in

the optical spectrug.j amplification should be possible at 77°K

(].?_ar_ :terls _ l<:swith nearly the s_me noise and gain-bandwidth _ - _ "..... as

conventio__,l heiiu_-cohied masers. If active materi_!s having the

proper relaxation time ratio for optical pu_K.__,ingcould be found,

they _Xg__t lead to extremely simplified masers. _ j___ermo_e,

the development of nitrogen-cooled masers would be des_r_bxe
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for remote field operations, since nitrogen is more abundant and

more easily _dled t.han helium.

To this date, no traveling wave masers above SO GHz have

been built. -_qey have a much greater tuning range and instantaneous

bandwidth and a much lower noise temperature than does a cavity

maser. _ne difficulties associated with high frequency operation

are : (1) obtaining a ferrite to provide reverse isolation for

keeping the amplifier stable, (2) mechanical problems associated

with the small sizes of the active samples and the slow-wave struc-

tures, and (3) obtaining pump sources with adequate power to saturate

the amplifier. The first and most serious problem may be solved by

investigating the use of ferrites as discussed in Section 3.2.2.

If a traveling wave maser cannot be built at these high

frequencies, then the cavity maser's amplifier characteristics can

approach those expected from a _ by coupling several cavities

together to give a large instantaneous bandwidth. This was demon-

strated by G. Bro-_ssau_ and L. Malnar of Paris, France, with an

X-band cavity maser using ruby. 15 Two groupings of three symmetrical

cavities were coupled together on one transmission line to give a

three-peaked response curve having a 60 _J.z bandwidth and 22 dB gain.

In comparison, a single cavity maser _d only a 5 MHz bandwidth and

23 dB gain.

A very important consideration associated with a practical

maser amplifier to be used in the field is that of easing complex
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operational problems with the use of lig_ht-weight helium-recycling

systems. A 96 MHz cavity maser was operated in a closed cycle liquid

helium refrigerator (CCR) by Jet Propulsion Laboratory for i0

consecuti_ days without adjustmentso 16 The maser-CCR was installed

on an 89 foot diameter paraboloid antenna. Both a maser and a

superconducting magnet have been operated in a CCRo 17 _qe maser,

magnet, and CCR combination can perform in any orientation and can

be moved (as in a scanning antenna) without affecting its operation.

3.4°6 Radiation Helped Tu_elin$ Diode

A physical and qualitative description is give_1 here of a

novel scheme. The mathematical treatment of it is possible but

lengthy and not trivial; it should be carried out, however, in the

near future. 'i_nisscheme results basically from the following

reasoning: in order to be able to use the phenomenon cf _ch¢.-_L_

conductivity in the detection of electromagnetic radiation it is

necessary to provide, wi+hin the photoconductor, energy l_vels

situated just below (or just above) the conduction ba:-d (or valence

band) and separated from the latter by not more thaP_ AE = hf,

where f is the frequency of the radiation to be detected as shown

in Fig. 3°3- Such energy levels can be provided by different types

of impurities; however, it is difficult, if not impossible, to find

impurities providing exactly or approximately any required AE = hf.

The scheme presented here does provide exactly any amount of

AE; however, it _ a priori expected to be less sensitive *l_an an

ordinary photoconductor°
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Consider the relative positions of t_-e Fermi level and the

energy bands in a turc_,el diode structure of 0°K, in Fig. 3.4_

..laLcned lines,the electron occupation of th,e bands is as sho_<_nby the _ ' "

It is clear that in order to conserve energy, no electrot_! is allowed

to tunnel from the rig.h* to +,.heleft-har_d side or vice versa, since

equi-energy levels are fully occupied. However_ when. radiation

"]of frequency hf impinges on t:_e left-hard face of t.he tunnel diode

_ . . -.,,_ele_t,-.._a__ds_de p-typeand is almost r,o_npletely absorbed by _ _ "..... -

'__,"+ _,=c.......it.no__ probg.bilit,ydegenerate semiconductor_ there will be a i .....l,_e + ........" _

betwee -_-t're uppermost levels of the left a_:d the empty levels

. t_._e veryAE = hf above the Fermi level on the right Because of ....

narrow junction (< 100 _) width a:zd the Digh electric field in the

junct, ion_ a substar-+ial photoelectric effect ca_-be expected to

result i'ro_.., the application of tf",e electromag_etic field, it may

be noticed that the above scheme would work at any freque:zcy f since

at O°K the levels on the right are empty for any AE. At liquid

heliu.m tempez'ature,_2 --:AE = 0.00035 eV w:::.ile

1-f (I000 GHz) = 0.004 eV

T_rerefore, this scheme sT:-ould operate at liquid heli_nn te:_..'9eratures

and for frequencies close to 3 _Hz or more.

Finally, if the p-_,ype half of the tunnel diode is _._ade

"just-degenerate:' i.e._ Ef coincident with the edge of the valence

band (see Fig. 3-_), it is possible to "tu.ue': the detector by
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FIG. 3.5 RADIATION ASSISTED TUNNELING
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adjusting the forward bias V to AE/e; thus only signals Of frequency f

s_ch ___ me > AE V will be detected.

2.4°7 Am_lificatlon bY Res°nanceSa_urati°n in Gases

The scheme of amplification of millimeter waves in a gas

which is resonance saturated by a local oscillator of a slightly

different frequency is described in section _°8._ol. Et is felt

that further research in this area is worthwhile since this

scheme is a particularly simple one and provides amplification at I_

room temperature. Also, it appears that the novel CN radical laser

materials have good prospects of being used in this scheme since

their lasing frequencies are exactly in the fractional millimeter

range_

3._ MODULATION

Methods of modulation can be classified as to whether they

are internal (i.e. can be achieved by varying a parameter of the

generation device) or external (can be achieved by cot_trolling

transmission or absorption properties of media separate from the _

generation device). Here we are concerned only with external modu-

lation methods; hence the problem of finding suitable "materials"

is of paramount importance. Identification and measurement of the

properties of materials that exhibit effects useful for construction

of modulators are generally recommended. A number of specific

st_gestions for areas worth pursuing are made below.

- 61 -

el
I

I
i

I
I

i

i
I
i
i

i
i

i



|@

I
I

I

!
I

I
!

I
!
I

I
i

I

I
I

I

i

i

3.5.1 _ne Effect of High Electric Fields on the Absorption in

Germanium of MM Waves -- as a _lse Modulator.

It has been shown by Arthur and co-workers 18 that the

absorption coefficient of n-type (4 or 5 Ohm) germanium at k = 8ram

is decreased when the germanium is subjected to high external

electric fields. _ne effect is caused by the tendency of the

electron drift velocity to saturate at high electric fields.

This is equi-_aler_tto a decrease in the electron mobility at high

electric fields, since the absorption coefficient is proportional

dv
to the slope of mobility (_). Sigr_ificant departures from Ohm's law

occur at electric fields as low as lO V/cm; furthermore, the change

in attenuation is approximately proportional to the square of the

electric field.

_nis effect can be used to construct pulsed microwave and

millimeter wave modulators with a theoretical response time of the

order of lO-12 sec. _ne power requirements should not be high

and the operation is simple. Furthermore, it would be of interest

to det_mine at what wavelength below 8 mm the effezt will not be

negligible.

3.5.2 Ele_tromechanical Modulators

Small electrically controlled mech_uical displacement can

be produced in vari_as materials such as solid solutions of barium

zironate and barium sta__nate in barium titanate by application of

external electric fields. _nis effect can be used to produce

amplitude modulation at mm wavelengths by control of waveguide

- 62 -



dimensions. _le small and accurately controlled d_spL:_e._e ....

possible are consistent with the small size of the waveguides at

those waveler_ths. Time constants of the order of iO -g sec are

predicted 19. _lis and the small power re0uirements_ make the develop-

ment of such a modulator for operation at n_n snd subntm wavele_tgths

attractive.

3.5-3 Modulation by Rotation of the Polarization Plane (see Sec. 3.2)

3.5- 3 •i _ne 3_araday Effect

Here, the primary effort required is for the identificatio_n

and testing of ferrite materials suitable for op_'ation at .mm wave-

lengths and _,igh modulating frequencies without appreciable heati_.

Hexagonal crystal materials such as cobalT-bari_!_ mag_esium-barium and

nickel ferrites have been identified by JoY_ker et a120 to be

suitable for modulation frequencies in the I00 MHz range. _eir

practicality as mm wave modulators is yet to be demo .........ed.

3.5.3.2 The Pockels Effect

__nis is related to the c:_mnge of the dmelec_r_c _ _ ÷ _'

a crystal with respect to the electric field of t_:-emodulating signal.

It occu__s in crystals without a center of s_etry a zd is useful in

hexagonal, tetragonal, and trigonal _-_vsta!s.__w_e__e__the _L_:pert._cbed

indicatrix is an ellipsoid of revolution. _ne applicaTior of az,

electric field destroys the rotational symmet_'y of t_:e indizatrix a_rl

thus _'auses a rotation of the polarization pla_e of the carrier.
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In both of the above cases an investigation should be made

to determine if materials with these properties are available which

are sufficiently non-absorbing at the frequencies o_ interest.

3.6 TRANSMISSION LINES AND COMPONENTS

There has been and is substantial activity in investigating

transmission media which may be applicable to submillimetric

wavelengths (see Chapter VII). These may be divided into two

categories:

_J

(overmoded circular waveguide, helical waveguide, and

beam waveguide)

2) methods particularly applicable for short distance

transmission and component development (H-guide, groove

guide, overmoded rectangular waveguide, dielectric

guide in its various forms).

Circular and helical guides (Secs. 7.2.1.3 and 7.2.2) have

been under study for years and the fundamental problems have been

largely solved. There remain technological problems in extending

these techniques to the submillimeter region. These concern the

choice of suitable materials and methods of fabrication, and the

study of their effects on overall performance.

3.6.1 Circular Waveguide

In the case of circular waveguides operating in the TEo1

modE, good results have been obtained by utilizing a lossy

dielectric coating to effectively attenuate the unwanted modes.

As the frequency is increased and as the diameter is decreased,
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it is expected that difficulty will be experienced in properly

coating the inside of the guide. New techniques and/or new

materials may have to be sought to adapt this form of waveguide

to ultramicrowave transmission. For example, one technique that

might be investigated for this pnrpose is the metallic waveguide

with an internal oxide layer, e.g., aluminum/aluminum oxide.

Helical waveguides, on the other hand, would seem to be too

complicated a structure to contemplate reducing the size greatly

over the present arrangement. For good perfor_nce a tightly

wound helix is required. At the frequencies already investigated,

a wire size of AWG 30 to 40 was used. If the wire size should

be scaled in accordance with the wavelength, this would make the

resultant choice prohibitively small in size at 300 GHz and above.

In addition to this, the helical waveguide as developed by Bell

Telephone Laboratories has a multiple layered dielectric between

the helix and other wall. It is felt that fabrication of this would

be increasingly difficult as the size is reduced. For these reasons

the somewhat simpler lined circular waveguide is favored for develop-

ment as a transmission medium in the 300-3000 GHz range.

3.6.2 Beam Wave_uide

The beam waveguide (Sec. 7.2.8) is favored by many investi-

gators as representing a technique better adapted to standard optical

procedures and more or less independent of wall properties. Very

low attenuation values can be obtained and bends and corners can
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be fabricated. In beam waveguide development, the principal concern

is with developing criteria for selecting the optimum technique

from the three mentioned herein, i.e., lens type, aperture type,

or mirror type. This is not only a theoretical problem, but con-

siderable experimental work is required as well. Careful evaluation

of materials at the frequencies of interest is required. There is,

however, little doubt that satisfactory beam waveguides can be made

for the submillimeter region.

3.6.D com_rative Wave_Ide Stud_

From among the short-haul and component-type waveguides

named (Secs. 7.2.1.2, 7.2.3, 7,2.5, 7.2.6, 7.2.7), there is at

the moment no clear-cut comparative evaluation by means of which

one can positively state that a certain type is the best for a

certain requirement. Comparison on some basis other than

attenuation alone is required. For example, a figure of merit

which includes physical size, attenuation, and mode purity would

be desirable since these qualities seem to be inseparably linked.

Other qualities to be compared are potential for component design,

ease of fabrication, need for evacuation (at submilllmeter wave-

lengths), adaptability to antenna feeds and/or generation devices,

and ease of mode launching.

A comparative study of all presently reported guiding systems

should be done at a frequency where instruments already exist, say

100 GHz. When all of the features of the various systems have been
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catalogued, then the path for fruitful further work will be L_

indicated.

3.6.4 Cladded Dielectric Guide

It is noted that the concept of using cladded dielectric

guides (See. 7.2.3) in the submillimeter wavelength region hasrecelv_d

no attention as yet, and it would be appropriate to investigate

this technique to some extent aside from the above-mentioned com-

parative evaluation. The work at optical frequencies has shown that

single mode operation can be achieved provided that the right values

of dielectric constants can be secured. In a sense, this technique

is related to that of the dielectric lined circular waveguide, and

it would be appropriate to show this interrelationship in a formal

way. Work on cladded dielectric waveguides could not only be of

scientific interest, but could result in techniques applicable

to component development.

3.7 PROPAGATION INVESTIGATION OF _KE SPECTRb_ OF AIR ABSORPTION
USING COHERENT SOURCES

Work is needed to consolidate the knowledge of the spectrum

of air absorption in the frequency rangel00 GHz to 3000 GHzo

The suggested steps are:

a) A laboratory study of the lines of water vapor

absorption using a mixture of N2 and H20 at various pressures, and

a coherent source of millimeter waves. The range of frequencies to

be co_rered depends upon the availability of the sources. It would

- 67 -
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be convenient, if possible, to proceed gradually from the presently

available hand toward higher frequencies, starting from the nearest

H20 lines, i.e. 180 and 320 GHz approximately.

The absorption llne around 180 GHz has very recently been

analyzed using a Fabry-Perot interferometer technique. 15 While

this technique allows a cc_sider@ble economy in cell length, never-

theless, it leaves some doubt about the amount of intermolecular

interaction 21 It seems, therefore, advisable to repeat the _ :

meas._-,_ementsusln_ a standard propagation cell.

b) A careful recomputation of the atmospheric absorption

for various distributions of humidity versus height using the values

o_tained from measurements (a), keeping _ mind that the new

data may improve the agreement between theory and experiment in the

lower region of the millimeter band.

c) A systematic check of the actual propagation character-

istics through the atmosphere by monitoring an extraterrestrial source

in the range of frequencies considered in item (b). Since a satellite-

borne coherent source is not presently available, the thermal radiation

of the sun may be used. The sun radiation has already been observe_ 22

in the millimeter range, but systematic data are not available.

d) A study of propagation of waves in the above frequency

range under controlled environmental conditions on a given path.

This study should give an evaluation of the magnitude of the effect

of the various atmospheric parameters which limit the precision

of the propagation measurements performed on open links.
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For example, the absorption on a path of I00,000 wavelengths

in a closed room could be measured at various temperatures and

humidities as a check of item (a). The same facility could also

be used to study the absorption of water droplets of controlled

dimensions, which simulate typical rainfalls. Analogously, one

could use it to study the effect of refraction on signal scintil-

lation in the presence of space and time controlled inhomogeneities

of temperature, density or humidity along the path.

3.8 DETECTION

3.8.1 Su_rheterod_ue and Homod_ne Detection

The use of superheterodyne detection (which has been shown

to be feasible and practical at a wavelength as short as 2 mm23

a_ submillimeter wavelengths seems straightforward (see Chap. IX).

The development of such systems is closely related to the develop-

ment of point contact diodes (mixers), sources (local oscillators),

IF amplifiers and other components for this range of wavelengths.

Since the three basic components listed above are being developed

today for operation at wavelengths less than 1 am, there is no

reason why superheterodyning could not be achieved at these wave-

lengths. The problem here seems to be a technological one.

The use of homodyne detection at submm _avelengths has

advantages over the superheterodyne in that intern_diate frequency

amplifiers are not required, and frequency instability does not

limit the amplifier bandwidth. The main problem here is the phase

locking of the local oscillator with the detected carrier.
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Since this has been recently achieved at optical frequencies, there

is reason to expect it can be achieved at the longer submm wave-

lengths. Furthermore, the local oscillator must be the same type

as the transmitterJ in fact, for two-way transmission, the same

oscillator can function in both receiving and transmitting.

3.8.2 Hot Carrier Diode

These diodes have the following attractive characteristics:

l) electrically and mechanically rugged

_j _v_ temperature ^_+_ v_o_ o_ _o+_vn,.,._,,,.,._ ,.,.,.,.,,,_as e

detectors

3) low noise figure

4) almost perfect square law characteristic over wide

dynamic range°

All these properties point to the desirability of extending the

technique of detection by the thermoelectric effect of hot electrons

to higher operating frequency ranges, i.eo, above 100 GHz. This

is basically a materials problem° Semiconductors wlth lower relaxa-

tion time and lower electron scattering time are to be investigated.

This diode •is particularly suitable for use in mm wave mixers.

3.8.3 i000 GHz Su_erheterod_rne Receiver

Great need for such a receiver exists today for the purpose

of radiometric observation of the sun in addition to its apparent

usefulness in outer space high-speed communications. The effect

of atmospheric absorption at this frequency can be reduced drastically

by installation of such a receiver (radiometer) on-board an aero-

plane cruising at the easily attainable altitude of 30,000 feet.
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It is proposed that work be done on the development of

a sensitive superheterodyne receiver operating at about !OOO GHz

using a crystal mlxer in conjunction with a CWwater vapor laser

as a local oscillator° Such a development should point the way

for extension of the highly sensitive superheterodyne detection

scheme beyond the -3 mm wavelength region.

i000 GHz mixers with reasonable conversion loss are

within the reach of the state of the art_ 4 Harmonic mixing has

been demonstrated at ll60 GHz and 1800 GHz by Strauch et a125

and Woods, et a126 respectively. The latter mixed the output of

a 300 GHz carcinotron with a 150 GHz klystron using a cross guide

mixer.

3.8.4 Non-Heterod__e Down Conversion

Materials such as those employed in the construction of

masers could provide a system of quantum energy levels that can

be utilized to down convert mm and submm incident signals to micro-

wave frequencies where sensitive measuring equipment is available.

Detailed calculations of such a detection scheme have been presented

by Krumm and Haddado 27 Several materials could be utilized in

this scheme (see Table 9-VIII). Their performance, however, has

not been actually evaluated. This, in addition to the possibility

of using gases with appropriate energy levels, should be investigated.
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3.8.9 Reflection Cavit F Detector

The principle of a reflection cavity detector inT_oiv%s

detecting the change in the reflection of microwaves from a cavity

containing a cooled semiconductor slab when the latter is subjected

to _/submm radiation2.8 It is the change in the slab conductivity

due to mm/subm wave absorption that gives rise to the effect.

The availability of sensitive microwave equipment for reflection

measurements and the simplicity of the scheme make its development

a_tractive o

3.8.6 Mixing in Bulk Semiconductors

Mixing in bulk semiconductors utilizes the nonlinear

character of photoconductivityo The practicality of this detector

at mm wavelengths has been demonstrated by a number of workers.

Further development of these schemes to bring them out of the

laboratory realm is desirable. This is especially so in view of

29
the recent demonstration by Hakki of simultaneous generation

(Gunn effect), mixing, and IF amplification in a single n-type

GeAs wafer. Although the external signal was about 6 GHz, the

extension of this attractive scheme to higher frequencies should

be evaluated.

3.8.7 _low Discharge Detector

Due to the attractive properties of the glow discharge

detector such as ruggedness, overload capacity_ simplicity, and

extended frequency range (Severin 30 predicts sensitivity comparable
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to crystal detectors at _ mm), a closer look at the practical

merits of this detector sea.worthwhile.

3.9 PHASED ARRAYS

Mechanical steering of antennas is probably adequate for

most applications in the millimeter and submillimeter regions

since relatively small apertures will provide the high gains

required.

For sophisticated radars and other similar applications,
t

high speed scanning, perhaps on a pulse to pulse basis, may be

required. Such high speed scanning can only be carried out by

electronlc means at this time. Electronically steered antennas

are usually phased arrays. The steering is accomplished by phase

shifting of the energy to individual dipoles, slots or to sub-

radiators such as horns.

Present methods of phase shifting rely on ferrites.

These have been used successfully up to 7_ GHz; the most successful

application being a slab of ferrite in the mouth of an exponential

horn. Further extension of this technique will require new

materials. Thus, research on materials which can provide electronic

phase shifting at millimeter and submillimeter wavelengths is

needed.
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Chapter 17

G_IERATORS, ELECTRON BEAM TYPE

4.1 INTRODUCTION

The demand for increasing efficiency of utilization of the

electromagnetic spectrum has been hampered to a large extent by

lack of devices producing usable amounts of power in the millimeter

and submillimeter range@ A number of studies of generators in

1
this range, as well as review and state-of-the-ar_ reports and

_Q

articles, _-_ indicate that onemay divide the possible devices into

two broad classes: (1) classical, or wave producing devices, and

(2) quantum or photon producing devices° Admittedly, this division

is quite arbitrary with respect to the frequency produced, since

there is a substantial overlap° _ne mechanism of generation,

however, makes the distinction quite valid° The wave generator is

based on interaction of moving charges with electromagnetic waves

supported by some sort of structure_ the photon generator utilizes

transitions between atomic energy levels@

The extension of tubes using velocity or density modulated

electron beams to higher frequencies has been accomplished primarily

by advances inmanufacturing techniques with respect to miniatur-

ization rather than by development of new concepts (Cfo refo 2)°

This process is slow and limited because with scaling, the power

output is reduced to _usable levels and the problem of coupling
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the energy out of the stracture becomes quite severe.* Additional

problems due to frequency scaling are demonstrated by the following:

To scale a typical TWT or BWO in frequency by a factor n, keeping

the voltages and currents constant, the linear dimensions of the

circuit must be reduced by n, so t,hat the cross-sectional area of

the beam is reduced by n2 which increases the current density by

2
n , and the volume of the device is decreased by n3. + The confining

magnetic induction must be increased by n.

The slow rate of frequency extension by scaling demonstrates

the severity of these problems, because since 19_09 the range of

wave generators has been extended by less than a factor of three.

The initial success in scaling may have been responsible for the

rather optimistic prediction (Fig. 1.33, P. I_2, refo I), which has

already(within three years of the estimate) fallen more than two

years behind the predicted values.

This chapter will be concerned with wave generators.

General characteristics of various classes of such devices will be

described, their advantages and limitations discussed, and possible

extensions in frequency suggested. Thus, the tenor of this report

will be substantially different from a previous work on the

H , ,,, a

* Pierce 9 points out some of the problems connected with scaling,

particularly those related to heat dissipation.

+ The reduction of volume by n3, the heat dissipation problems, and

about 100 amp/cm 2 of emission current density required, account

for the fact that the magnetron family tubes have not been developed

at frequencies comparable to those of TWT's and BWO's; although
2

lO0 kW above 90 GHz, lO and about 30 kW above lO GHz- have been

reported°
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subject, in that here we will present primarily a critical eval-

uation of present-day devices, and possible utilization of various

phenomena. Exhaustive enumeration and cataloging of devices

available either as stock items or reported in the technical liter-

ature will not be attempted. Some first-order estimates of possible

frequency extension of several of the described devices and

recommendations for further investigations will be made.

The emphasis has been placed on devices reported in the

open !iterat_3_e_ a!tho_gh some covered hy other reports have also

been discussed. This choice has been made primarily because most

of the devices reported in the open literature have been tested,

whereas those covered by other reports were very frequently in

various stages of design and development. Furthermore, it was

felt that with the great interest of the technological community

in millimeter and submillimeter waves, it was unlikely that a

successful device in this frequency range would not be immediately

reported.

The following will discuss first several recently developed,

or proposed, tubes; second, a consideration of some phenomena which

may be suitable for development 8s tubes; and finally, a brief

discussion of some aspects of frequency limitation.

4.2 DEVICE CHARACTERISTICS

The last 15 years witnessed a proliferation of RF amplifiers

and generators with various exotic prefixes to "tron," a number of
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which are listed in Table 4.1. All of these devices utilize the

interaction between charged particles, generally electrons, and a

structure supporting electromagnetic waves. In the first part of

the table, klystron-like devices using one or a few cavities have

been listed. These progress through devices using combinations of

cavities and distributed interaction circuits to distributed inter-

action devices. Several devices at the end of the table represent

"coupling devices" based on Ceremkov type interaction; the last

two, the tornadotron and EAL, which are different in principle

from the others, have not been tested.

The devices differ from each other primarily in detail

rather than in general characteristics. (This may be borne out by

the fact that the capabilities of such devices differ only to

the extent of manufacturing ingenuity applied to specific variations).

The characteristics of any of these represent some combination

of the following:
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Table 4.I Classes of Tubes:

I Cavity Interaction

II Distributed Interaction

III Miscellaneous Interaction

I

I

I

I
I
I

I
I

I
I

I

I
I

I

I

Klystron *

Reflex Klystron*

Retarded Field Oscillator*

Barkhausen-Kurz Oscillator*

Multi-Cavity Klystron*

Floating Drift Tube Klystron*
Monotron*

llybrSd Klystron*

Anti-Klystron*
Laddertron*

Reflectron

Strophotron
O-BWO*

TWT*

II

Microtron*

Rotatron*

Spiratron*

Helitron*

Amplitron*

Platinotron*

Stabilitron*

M-BWO*

Torotron (Axiatron)*

Magnetron*

Waveguide Nmgnetron

Mitron*

.4

P

P

P

P

P

P

P

P

P

P

P

P

C

P

P

C

P

P

P

C

C

C

C

C

C

C

C

continued
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0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

M

M

M

M

M

M

M

M

qo

D_

R

K

R

K

K

R

R

R

R

K

R

R

R

R

R

K

K

R

R

K

K

K

K/R
R

K

K

K

S

S

S

S

S

S

S

S

S+T

S

T

S

S

T

T

T

S

T

T

T

T

T

T

T

S

S

T

4o
.4

0

-4
0

RE

RE
T)I_

RE

RE

RE

RE

RE

SL

RE

SL

SL

RE

SL

SL

SL

RA

SL

FA

SL

SL

SL

SL

SL

RE

RE

SL



Table 4.1 Classes of Tubes (cont'd)

III

Ubitron
Bermutron
Dematron
Cycloidotron
Teaser
Easitron
Dromotron
Crestatron
Twystron
Phreatron
Harmodotron*
Undulator*
X Tornadotron*
X EAL

C 0 K
P 0 K/R
C M K

C M K

C 0-M K

P 0 R

C M K

P 0 R

P 0 R

P 0 R

P 0 R

C M K

C 0 K

C 0 R/K

P - Parallel E and B Fields

C - Crossed E and B Fields

0 - Kinetic Energy Exchange

M - Potential Energy Exchange

R - Rectilinear

K- Curved

T FA 54
S+T FA,RE 34

T

T

T

T

S

T

T+S

T

S

T

T

T

150 K
2

SL 9.3 400 K ED-9

FA NO DATA

FA 300 l0 m

SL,RE N 0 D A T A

RE NO DATA

SL NO DATA

SL,RE N 0 D A T A

SL 93 25

RE

FA

RE

RA NO DATA

T - Traveling

F - Forward

B - Backward

S - Standir_

FA - Fast

SL - Slow

RE - Resonant
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* Discussed in reference i.

X No experimental model available.
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io With respect to the beam and/or structure:

a) periodic or not

b) re-entrant or not

c) straight or curved

2o With respect to the struoture:

a) slow or fast wave

b) traveling or standing wave

c) forward or backward wave°

Whatever the device , however, either a periodic beam with

a "smooth" structure, or a "Bmooth" beam with a periodic structure,

is •required for RF generation in one form or another.

It has been attempted to separate various _lasses of the

devices in the arrangement, although some overlap was unavoidable°

The first part of Table 4oi represents a progression from "resonant'_

generators (klystron) to "distributed interaction" generators (TWT).

The devices between the monotron and strophotron, however, represent

hybrid devices in that they utilize both resonant and distributed

circuits_ The second set represents various types of crossed field

devices Closely related to the magnetron° Devices representing

other concepts have been listed in the third part° These are tubes

_epresenting particular variations of the types previously mentioned,

and employing fast wave circuits and periodic beams, or such phenome_

as Bremsstrahlur_E, Cerenkov and cyclotroz_ radiation, or harmonic

generation.
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Some other aspects of these devices, such as confined or

Brillouin flow, magnetostatic or electrostatic beam focusing,

distributed cathode, etc., have not been inc±uded in this classifica-

tion.

All of the wave generating devices utilize some combination of

the above characteristics. Consequently, the upper frequency !__mit of

these devices will be that determined by those constructional and elec-

tronic features which can be adapted to highest freq_lencies. Since in

the last 15 years the, apparently, best combination resulted in extending

the spectrum of such devices from about 300 GHz 9 only by a factor of

ii
three, one might safely assume that i THz represents a reasonable

limit for this class. This will be discussed more extensively later,

particularly with respect to some of the work by _!iiott 12 s_ud Senitzky 13

on limitations of electron beam devices. The _mplications of this work

were mentioned I but with inadequate emphasis on its consequemces_ i.e.,

its effect on the direction of subsequent research.

To avoid duplication, with few possible exceptions_ devices

covered by reference i will not be discussed.

4.2.1 Tornadotron

The tornadotron 14 was proposed in 1958 as a scheme for

millimeter wave production. The device essentially consists of

a cylindrical cavity whose end-plates are at lower potentials than

the cylinder in order to contain an electron cloud within the

- 84 -
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cavity° Because of the superposedmagnetic induction parallel to

the axis of the cavity, and a pump RF field, the electron cloud

executes two circular motions: a rotation about its axis, and a

spiraling outward of its axis about the axis of the cavity°

Radiation is generated bY increasing the magnetic induction which

forces the cloud to spiral inward. In this radiation phase, the

power radiated by one electron is

2 4 2 2 2d_,2e _ r e
C C

Pe _'_
.... o 6_ c c3

• . O

Calculations indicated a power output of 160 W (1.6 X 10-4 joules)

at 1.1 mmwith the induction pulsed from O.1 to lO Tesla in 1 _sec;

and 16 kW (0o016 joules) at 0.I1 m_with induction pulse from

1 to lO0 Tesla in 1 _sec. These figures seem to indicate that

higher power can be obtained at shorter wavelengths. This is only

due to higher pump energy, current, voltage, and electron density

used in the latter case°

The fact that to date no successful attempt has been made

togenerate radiation using _he tornadotron principle speaks against

it. It may also be noted that some of the assumptions used in

calculation of the performancedata are not quite valid. First,

multiplication of the coherent power output due to one electron

by the square of the number of electrons in the beam leads to

grossly inflated values because of the shielding effect; secondly,
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the finite size of the cloud will contribute tothe reduction of

the radiated power because of phase interference; finally, the

calculations were based on the assumption of adiabatic changes,

i.e.,assuming that the ratio of kinetic energy, associated with

transverse velocity, to the induction is anadiabatic invariant.

Since the condition B/B 2 < < i is not necessarily satisfied,

the assumption is not necessarily valid.* Further, the requirements

for high voltages and high magnetic induction indicate that this

may not be a suitable scheme for millimeter wave generation.

4.2.2 Electroma_netic Amplifyin_ Lens (EAL)

The EAL 15 is another of the many devices belonging to the

magnetron family, but, unlike many others, it has not been built

16
and tested. The suggested device utilizes an external cathode

and an axial magnetic field producing a scalloped, rotating, hollow

electron beam. The RF structure comprises a number of waveguides

as shown in Fig. 4.1. It can be seen that the struct_re resembles

an inverted magnetron with an external cathode and internal anode.

Its mode of operation differs from that of a magnetron_ or amplitron,

in that it is above cutoff (wave propagates) in the axial direction.

As a result, isolation between input and output can be oh:rained,

and the device acts essentially as an amplifier.

* Spitzer, ("Physics of Fully Ionized Gases," 2rid Edo, Interscience

Publishers, N. Y., 1962, p. ll) points out that the magnetic

moment--if redefined-- is constant to all orders of _/_2 when

investigated in terms of asymptotic expansion; but it is not

a constant rigorously.
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The EAL is fed by a wave from an open ended circular cylin-

drical waveguide in the TE01 mode, impinging on one end of the

tube. Before the wave reaches the interaction space, it is processed

in such a manner that a pi-mode potential distribution in the

circumferential direction is established on the tips of the vanes.

The vanes are formed by cutting down the full-width waveguide to

half-width. Between the output end of the interaction region and

the output face of the tube, the 180-degree phase relationship between

adjacent channels is converted back to a zero-degree phase relation-

ship at the output face. The calculated gain for the tube is about

2_ db for e = 26£ > 4_. Here, _ - 2_/k is the axial propagation

constant, and & = the length of interaction. Since the RF and beam

currents enter the calculation of the gain, the expected results are

not so optimistic as indicated.

As in the case of the tornadotron, a device incorporating

the EAL principle has not been tested. The rather stringent require-

ments on the beam size and its axial and azimuthal motion, as well

as scalloping, make it an extremely unlikely candidate for a generator

at any frequency; e.g., in the lower frequency range, say up to

about lO0 GHz, the beam diameter would have to be of the order of

centimeters; at higher frequencies the waveguide dimensions would

have to be of the order of tenths of millimeters for beam diameters

below a centimeter. At this stage, therefore, the EAL principle

does not seem to be a strong contender as a wave generator.
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4.2.3 Dematron

The dematron 17 (see Fig. 4.2) belongs to the magnetron

family, and represents a distributed emission variant of the

amplitron. The beam is not re-entrant and it interacts with a

forward wave. The fundamental difference between the dematron and

other devices in its class is that the dematron uses a velocity

taper, either for the wave or the beam. The reason for the use

of the taper is to compensate for the decrease of the effective dc

electric field strength as a result of local increase of space

charge due to bunching. When bunching occurs, the beam slows

down, falls out of synchronism, and absorbs energy from the wave.

Consequently, in order to maintain synchronism, and useful inter-

action over the length of the device, either the wave must be slowed

by tapering the slow-wave structure, or the beam velocity must

be maintained by increasing the electric field or decreasing the

magnetic induction. When the circuit velocity is kept constant,

the interaction is of the same type as in magnetrons. Consequently,

the operation of the dematron with a beam velocity taper can be

analyzed in terms of a series of connected equivale_b magnetrons

for which the interaction impedance is kept constant.

The fundamental relation, using the Hartree magnetron

starting equation, is

V
(Xsf) 2

fB -
= a _s
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Fig. 4.1 Diagral:m:atic oketch of EAL

(Taken from Ref. 15)
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Fig. 4.2 Diagrammatic Sketc of DEMATRON

I (Taken from Ref.. 17)
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where a is anode to cathode spacing, and k is the spatial harmonic
-- S

wavelength. For a constant phase velocity circuit, ksf is constant.

The beam velocity can be maintained by changing V, i.e. either _,

B, or both.

The experiments on this tube were performed in the X-band,

with dc anode voltages less than 30 kV and corresponding B fields.

To consider the requirements at about 1 THz, consider a circuit

with phase velocity of about O.1 c, i.e., k s _ 3 × 10-9 m/sec.

With a = (1/3) X lO -2 m, and B = 1T, V is about lO0 kV. Now

1 1 n

k x T
S O

where P is the period of the structure. With P _ lO-4m, operation

at the third spatial harmonic would be required, and with P _ 3 × lO-4m,

operation at the ninth harmonic would be required. On this basis,

the dematron principle seems suitable for extension to higher

frequencies. The numbers used above were extreme, and it is not

suggested that this device could be extended to 1 THz, since other

considerations (such as dissipation_ rate of decay at higher spatial

harmonics with distance from the structure, etc.) were not included

in the calculations. The device seems to hold greater promise

than conventional magnetrons and amplitrons for extending the

operating region to higher frequencies because of the extended
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synchronism between the beam and wave° Since the dematron is

essentially an amplifier, modifications (possibly a re-entrant

circuit) would be needed to convert it to a generator.

4.2.4 Ubitron

The ubitron 18' 19 isa traveling wave tube in which a periodic,

undulatir_ beam interacts with a TEo1 mode in a waveguide. The

average axial beam velocity must have such a value that when the

beam moves axially a distance P, the wave moves a distance P + kg,

where k is the _uide wavele_,_b_ _d P i_ the n_r_od of th_ tr_-

verse velocity. With this slip between the beam and the _aves,

the most favorably phased electron always sees a decelerating field.

The periodicity of the transverse velocity is due to a

periodic magnetic field. When the waveguide supports a TEoI mode,

as shown in Fig. 4.3, the beam can be made to undulate in the

x-z plane, due to the magnetic field in the y-z plane, and to inter-

act with the strongest E=fieldo Bunching of the electrons is due

to the effects of the RF and magnetic fields. _ne average axial

velocityof the beam, combined with the periodicity of the magnetic

field, must be such that a net energy exchange from the beam to the

wave takes place. This occurs when

v0v _ _2n+ I
f = v-v _-'2"_1

p o

where Vo, Vp are the average beam, and RF phase velocities,

respectively; and P is the period of the magnetic field (the same

as the period of transverse velocity)°
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Assuminga 70 kV beam, and v _ 1.3 c, with P_ lO-3 m,
P

f _ (2n+l) × l0 ll. This might indicate that the ubitron maywell

work in the lO0 GHz,and higher region. However, the requirements

of high beamenergy (dc voltages), high magnetic field and its

periodicity detract from the apparently attractive picture. Although

the %ubedoes have an advantage of an unloaded waveguide (with its

relative ease of manufacture and heat dissipation), and is capable

of producing high power, the highest frequency thus far obtained

is 64 GHz,with a B-field of 1 T. It seems, therefore, that the

upper operating frequency is limited by the beamperiodicity, and

high beamenergy requirements. At 3 GHz, about lO0 kV accelerating

voltage is required, and at 30 GHz, about 1MV. This high beam

energy requirement at high frequencies makesthe device unsuitable

for millimeter wave generation. Extension of this principle to

loaded waveguides has been suggested. This may result in lower

beam energy requirement, and higher frequency output, as a result

of the combination of beamand circuit periodicity° On the other

hand, introduction of a periodic circuit maycomplicate the manu-

facturing process due to the tolerance requirements. _le use of
2O

devices like the rebatron for pre-bunching of the beamdoes not

seemfeasible because the very high beamenergies would require

excessive B-field strengths and periodicity to produce beam

undulation.

- 92 -

el
I
I

I
I
I

I
I

I
I

I
I

I
I

I
I

I
I



|@

I

I
I

I
I

I

I
I
I

I
I
I

I

I
I

I

I

4.2.5 Cycloidotron

21
The cycloidotron, like the ubitron, belongs to that type

of electron beam tube which utilizes a fast wave circuit and a

periodic beam° It is claimed that this method is more suitable

for extending the frequency range of electron beam devices. The

problem in these tubes is the production of beams with suitable

periodicities. In order to obtain amplification, b__uching of the

beam is required° This is accomplished by the interaction of the

beam, in crossed dc E and B fields, with the _^_ mode in a
U O V_

rectangular waveguide.

The beam enters the waveguide and executes cycloidal motion,

due to E0 and B , in the plane in which the ac electric field is
i 0

zero, and the ac magnetic field is maximum° The latter exerts a

force on the electrons moving in a direction transverse to it, and

produces an ac motion as in the plane indicated in Fig° 4.4. This

ac motion, superposed on the cycloidal motion due to the dc fields,

leads to transfer of power to the RF field when the wave is in

synchronism with one of the beam _rmonicso Calculations indicate

that at l mmwavelength, B of the order of lO T, and E _ lO6
O O

T_olts/_m are required, with a beam drift velocity of 0.02 Co

This tube is subject to criticism similar •to that for the

ubitron, because for high frequencies the intensity requirements

for the induction and electric field intensities are excessive_
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although beam energy requirements are reasonable. Furthermore,

no experimental data are available to indicate the feasibility

of this tube.

4°2°6 Laddertron

The laddertron 22 is a variation of a multigap klystron.

It comprises, basically, two cavities adjacent to a ribbon electron

beam, as shown in Fig. 4.5. Sides of the cavity adjacent to the

beam are slotted and constitute a slow wave structure. The "output"

ea_l±y is fitted with a m_cro_ave _indow_ the other_ w_th a tuning

plunger° The size and spacing of the slots depend on the desired

mode of operation. In the O-type Laddertron, the slots are all

of the same size, and in the dominant mode the fields are the same

in each slot, with maximum in the center of each slot. In the pi-

mode zhe slots alternate in length, and in the dominant mode the

fields are out of phase in adjacent slots° A ribbon beam passing

between the slots excites the cavity° The wave thus excited modulates

the beam, with the structure and cavity providing the feedback

path, In both modes, the electric field parallel to the beam is

maximum at the beam, but the pi-mode device has a broader electronic

tuning range. The operating frequency for either mode lies in the

region

_2 < "_'<c + '_
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and is governed by the size of the cavity. The power output at

_0 GHz is of the order of watts (less than lO). _ae cavity size

is 5.2 x lO"3 m by 3.4 X lO -3 m, with 10 slots. Operation up to

about 150 GHz is expected, with cavity dimensions scaled linearly.

Thus, at 300 GHz, the cavity size would be about lO -3 m by 0._ X lO-3m,

and at 1 THz about O.3 X lO'3m by O.l_ X lO-3m. The power supply

demands for this tube are modest: accelerating voltages less than

3 kV, and beam currer_t densities less than 200 x lO3 A/m 2 (20 A/cm2).

This feature of low power requirement would make the ladder-

tron attractive. The cavity size in the millimeter and submillimeter

range could be made. Heat dissipation problems, however, and atten-

uation at such frequencies may be excessive. On the basis of these

considerations, it appears that the laddertron operation might be

extended somewhat above l_O GHz by technological improvements.

The princLple_ however, does not appear too attractive for extension

_o higher frequencies.

.2.7 Bermutron

The bermutron 23 is a modified Yersion of tile rotatron. 1

The device can be operated either with a resonant, or non-resonant

circuit. _e beam couples to the circuit wave through slots through

which the beam is swept periodically, as shown in Fig. _.6.

As in other types of electronic tubes, synchronism between

the beam and the circuit wave must be established. The sy_c_onism

factor is of the form (sin x)/x, where x = Ve/V p - l; v e is the
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Figure 4.6

(b)

Sweeping electron beam harmonic multipliers.

(a) Circular sweep. (b) Linear sweep. In actual

practice, the slots would be screened in order to

contain the fields (from Ref. 23)
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velocity with whic__- the beam sweeps along the Slot, and v , t..e
P

phase velo,'_ity of the wave. The power output is reduced by the

synchronism factor, as well as the transit time factor, a._mlogous

to that in klystrons. _:_other importaLt aspect of the design is

the electron beam diameter which should be less tha=. one-half

guide wavelength of' tDe desired harmonic _t the output to prevent

destruc±ive interference. Wit_. a ridge deflection cavity, with the

input at f = 8.5 GHz, a__.output of '2W was obtair_ed at _4 GHz.

Deflectio=_ power was 3.1 kW and beam currer.t 150 is_.

With reduction of the deflection power requirement, by

selection of a more suitable cavity, the prin:_iple o:< which

this device is based might be applied in a _.g_. fre:%!_e:icy generator.

A multiplicatior_ factor of 4 is apparen+_ly qt_ite re_.dily obtai:_,able_

and sources in t_.e 300 GHz ra___ge are available as _well.

4.2.8 Miscellaneous

._....addition to the devices reported above, _._._c....iz,-_orporate

fairly standard variatioT.s of _he basi_ pri:<_,iple:_,of ele,-t.:ro_.becalm-

wave iL_teractio__'s, there are a few othez's _ased eith.er o:"_,_ave

po!arization_ or changes in cir.:,ui_ _._tructure. These will. be

discussed briefly below.

4.2.8.1 Syr__c_z'o::ous.=WaveAmplifier

The _' ""_ ' -4 ...... e_a_. ..... diagram of the ,_ _-"_. ......... ,'-,_e,._ ........o_o_ _:,__ amplifier -p4

is shown in Fig. 4.7. ._mqlebasic difference bet_eer: this devite a::d

an exte_r,ded i;?.terac;tion kly_,troL is %hat here the degree of coupling
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is optimized by the relative polarization between the input and

output. As a consequence of this, the structure can be made long

enough to yield almost any desired gain. Theoretical estimates

lead to gain values of the order of 30 dB for structures five

wavelengths long. The experimental device at 3 GHz had rods 0.318

cm in diameter with a period of 1.080 cm. Scaling these dimensions

by a factor of 30 seems feasible (e.g. 0.001 cm diameter and

0.036 cm period) so that this device might be useful near the i00 GHz

may be very severe. The device exhibits a tendency toward oscillations

which may be utilized for wave generation near those frequencies.

4.2.8.2 Ring-Plane Travelin6-Wave Amplifier

The ring-#lane traveling-wave amplifier 29 is a traveling-

wave device utilizing a two-plane ring circuit shown in Fig. _.8.

The tube is capable of producing hi6h power output (0.i to 90 kW

in the frequency range 33 to 36 GEz) with reasonable operating

parameters: 30 kV, IA electron beam. Unfortunately_ the upper

cutoff frequency for this device occurs approximstely when the ring

circumference equals one free-space wavelength. Considering a

0.9 mm diameter beam, and 0.7 mm ID of the ring, k _ 4.3 mm, the

upper frequency limit would be about 80 GHz. With a four-plane

structure, the upper frequency cutoff could possibly be doubled.
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Figure 4.7 Schematic re_)resentation of the synchronous-

wave amplifier; the structures of rods shown

indicate periodic resonant circuits that

support a transverse electric field with

the polarization indicated by the arrows.

(from Ref. 24).
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Figure 4.8 Diagram of a Ring-Plane Traveling-Wave

Amplifier (from Ref. 25)
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_.2.8.3 Wave_uide-Ma6netron

The waveguide magnetron 26 is another of the devices utilizing

crossed fields for the production of microwaves. Operations above

lOO GHz, with power outputs at about _ W, have been reported.

Dimensions of the anode are in fractions of millimeters, and the

induction required is in TBslas, so that it does not seem likely

that this would be a practical device at much higher frequencies.*

4.2.8._ Teaser (Bott's Bottle)

The teaser 27-28 utilizes the helical motion of an electron

beam (about 4 mm in diameter) due to magnetic induction to induce

oscillations in a circular cylindrical cavity. This is done as

follows: a "corkscrew" shaped magnetic induction induces helical

motion of the electron beam. The radius of the beam is then

constructed by the increasing intensity of the magnetic induction.

This, in turn increases the transverse energy of the electrons by

the same amount, assuming that the process is adiabatic (since in

this case, the magnetic moment m = _T_I_ is constant; _T is the

transverse energy). The beam, then, enters a suitable circuit

and generates a signal through cyclotron radiation.

About 2W of generated power at the fundamental (between

75-I_0 GHz) and more than lO W at the second harmonic (300 GHz)

were reported for a 20 kV beam in a field of ST. Predictions for

* It is difficult to assess the future of this device on the basis

of the reported data.
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extending the frequency of o_eration of this device are optimistic.

However, the requirements of high magnetic induction, and problems

associated with coupling out of the generated radiation (see also

Conclusions and Recommendations)mitigate this optimism substantially.

4.3 DISCUSSION

Electron transit time, which led to undesirable effects

in somevacuumtubes (triodes, pentodes, etc.), has been utilized

to advantage in another class of tubes: klystrons, magnetrons,

and traveling wave tubes. This exploitation of the transit time for

velocity of density modulation of the electron beam led to the develop-

ment Of relatively efficient oscillators at frequencies several

orders of magnitude higher than was possible with the older type

tubes. The general characteristics of such tubes, based on the

interaction of an electron beamwith an electromagnetic wave supported

by a resonant or traveling wave structure, can be discussed in

terms of coupling schemesutilizing the uncoupled dispersion diagrams

of the two systems. Figure 4.9-A showsa dispersion diagram of a

typical slow wave structure and of Hahn-Ramolines of two electron

beamswith t_o different average velocities, vI > v2.

The characteristics of the coupled system can be easily

29-30
deduced on the basis of kinematics of waves, and t_e resulting

coupled system is shown in Fig. 4.9-B. The intersection of the

characteristics of the beam-wave and the circuit wave represents

the point of synchronism.
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Fig. %.9-B Dispersion Diagram of a Coupled System
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Strong interaction obtains near or at synchronism between

the beamand the wave. Thus, in order that the device operate at

high frequencies in low order modes, high beamenergies are required

(e.g. near Vl); at the samehigh frequencies low beamenergies are

required (e.g. near v2) if interaction with spatial harmomics is

satisfactory. At high order spatial harmonics, however, the

electromagnetic field decays extremely rapidly from the supporting

structure reducing the strength of the interaction. To maintain

the same interaction strength, therefore, the electron beammust

be brought closer to the structure. This creates mechanical tolerance,

secondary electron emission, and heat dissipation problems.

It has been pointed out before that scaling has its limi-

tations. This is borne out by the fact that, to date, no successful

operation above 800 GHzhas been reported even though predictions 31

called for 0.01 W output at 3 THz by 1963. Senitzky 13 points out

the existence of noise on electron beamsdue to quantummechanical

effects. The minimumof this noise energy is comparable to that of

a 3 THz signal. Further, Elliot 12 has derived a criterion for the

limit of the operating point of oscillators requiring resonant

structures,

2

i 2 > 2_ e

o -- Q2 V
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f! T ffwhere I is the a_erage ac beam current density; Q, the qualityo

factor of the structure; _, the volume of t_e region of beam-wave

interaction; and _, the average signal energy stored in the resonant

field. Unfortunately, this criterion does notseem realistic when

Figs. 2 to 4 of reference 12 are considered. The current densities

at the demanded frequencies are readily obtainable, and yet, klystron

oPeration has not substantially exceeded lO0 GHzo

In view of this, it may well be that for operation near and

above l.T_z; i% _1] h_ __,r +_ _=_+ +_ '%+._....+,,_=1_,"

devices. 32 The tenor of a recent paper_ 3 which describes only a

very limited group of devices, certainly does _ +__o_ lead to an

optimistic conclusion with respect to millimeter and submillimeter

wave generation in spite of the high power tubes near lOO GHz;

nor are the limitations of variou_devices indicated there°

In the frequency range below 1T_Ez, it seems that modifi-

cations of the bermutron, by selecting a more suitable scheme for

beam deflection, may lead to a suitable ,_ave generator. Carcino-

trons near this frequency range have been reported, ll but extersion

of their range is contingent upon the increase of gun perveances

and beam area convergence ratios because of the effect of the beam

current on the maximum frequency° 34

In the frequency range near 1 THz, it would seem desirable

to depart from manufactured slow wave structures because of the

high precision, and close tolerance requirements coupled with small
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sizes. 2 This point of view has been reflected in attempts to

utilize Cerenkov couplers for microwave generation. A reasonably

complete set of data has been obtained by Coleman's group39 at

the University of Illinois for isotropic and anisotropic Cerenkov

couplers of a form proposed by Getting. The group utilized nearly

delta function type bunches of electrons with velocities about

0.9 c. They concluded that the interaction resistance of isotropic

couplers is too low to makethis type of system useful for RF

generation.

Work of a similar nature has been continuing at RCA36 where

dc beamacceleration techniques have been used, as well as couplers

of various shapes. Reasonably high interaction resistances have

been measured(in excess of 1 k_). Becauseof experimental

difficulties, however, these require further verification. The

Cerenkov effect has been also used in the development of the

phreatron. 37 In this case, it was used for the purpose of density

modulation of the beam; i.e.,the coupler was used as a sloe-wave

structure for high energy beams. The Cerenkov effect was also

considered by Durney and Grow,38
q

as well as by many others. Thus

far, however, no practical device has been produced.

The advantage in utilizing the Cerenkov effect lies in

the fact that the periodicity of the structure is essentially that

of the lattice of the medium and that a periodic beam is not required°

It is possible that utilization of a periodic dielectric structure
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may increase the interaction resistance over that of a smooth

coupler.

A number of other schemes have been suggested for the

production of millimeter and submillimeter waves. Among those is

the cyclotron frequency multiplier, 39 in which one takes advantage

of the beam harmonics in a static magnetic induction. With the

input at lO GHz, an output of 28 W at lO0 GHz has been calculated.

Another scheme for the use of cyclotron waves has also been

40
_v_ .... _ ._ _ uuopuo frequency would consist of the sum

of the beam wave and a harmonic of the circuit wave, i.e.,

fb + nfc ' not unlike the multiplication scheme using the Doppler

effect_ 41,_
In the Doppler case the high output frequency is

obtained by the Doppler shift resulting from reflections of the input

wave from relativistic electron bunches. Specifically, fout = fl + nfo'

where f is the input frequency, and f is the _damental rebatron
1 o

20
frequency. Neither of the last two schemes has been reduced

to practice.

Still other schemes, utilizing the principle of cyclotron

radiation, have been under development, e.g. the orbitron amplifier

and the cyclotron-synchron0us:vave amplifier, 43 as well as the

"teaser. ''28 The former two have been described primarily in DDC

reports, and not enough data are available to assess the possibil-

ities offered by them. The "teaser" appears promising on the basis

of the data reported, but even in this case, mnch more information

- lO7 -
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would be desirable. Other schemes falling into the category of

"structureless" devices have also been suggested. Among these

4_ 45
are Bremsstrahlung, excitation of plasma oscillations, and

46
harmonic generation in plasmas. The disadvantage of these

schemes appears to lie in the low levels of detected radiation,

primarily due to the low coupling efficiency (see Conclusions and

Recommendations).

4.4 CONCLUSIONS

_ne literature review indicates that scaling of many

types of devices for millimeter and submillimeter wave generation

has just reached its limit. This is in spite of the very high

current densities reported, 47 (about 800 A/cm 2) and large area

convergence ratios 48 (1300:l)o

The only successfully operating devices are those using

either a periodic or resonant circuit, or a periodic beam.

Substantial amounts of power are available up to lO0 GHz; devices

in higher frequencyranges, particularly above 300 GH_ are still

in experimental stages although some outputs at 780 GHz were

observed.

The periodic circuits utilize variations of the helix,

meander llne, and Karp structures. Periodic beams use static

fields (e.g. ubitron) or a combination of static and RFfields
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(e.g. cycloidotron, orbitron)_ 3 with the M-type devices having

potentially higher efficiencies.* 49

The problem of obtaining high interaction impedance in

the millimeter and snbmillimeter range has not been solved, nor

has the problem of efficient coupling out of the generated

radiation, although this is still a matter of controversy. The

two problems are connected and remain the most important. 32

Unfortunately, study of these two problems would have no means

of guaranteeing palpable results within a given r__ period;

consequently, prospects for support are negligible. It seems that

new coupling schemes will be developed only haphazardly as they

happen to occur in conjunction with other studies. This approach

is favored by a large number of people concerned with these problems.

It is quite evident that the support of "concrete" projects like

scaling in size and available tubes, or utilizing variations of known

schemes for high frequency generation, has not led to many efficient

devices in the desired frequency range. On the other hand, the

development of an efficient coupling scheme would open the doors

for the utilization of such "structureless" phenome_2 as Cerenkov

radiation, transition radiation, cyclotron radiation, Bremsstrahlung

beam plasma interaction, and others.

Briefly this is due to the fact that in M-type devices synchronism

between the electron beam and wave can theoretically be maintained

longer than in O-type devices.
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These phenomena are very closely related and many can be

explained in terms of Cerenkov radiation, whether the electron beam

path is rectilinear or curved. 90-91 Under certain dynamic and

geometric conditions, however, such systems eithercease radiating

completel_ 2'94 or the amount of radiated power is substantially

diminished. This again points up the need for coupling schemes

more efficient than those presently in use.

4.5 RECOMMENDATIONS

Recommendations can be split into two categories: immediate

and long range.

4.5.1 Short-term Recommendations

To make short-term recommendations, it is convenient to

refer to Table 4.1. Of the devices listed in parts i and II_

most have been well-established, and if they have not reached their

upper frequency limit, they certainly appear to have approached it.

Further advances in this category can be made only by tecPmological

improvements with respect to machining, cooling, spurious and high-

field emission, and production of higher current density beams.

The devices listed in part III of the table, (all of the

distributed interaction variety) are relatively new and, with the

exception of the ubitron, not too well developed. Some of those,

however, utilize some novel features which seem attractive for

extensionin frequency.
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The principle of operation of the bermutron appears to

offer such possibilities of frequency extension. To overcome the

frequency limitations due to the sweeping speed of one electron

beam, it is recommended that the feasibility of using several

synchronized beams as, for instance, in a multiple beam klystron, 99

swept alternately in a bermutron-like device, be determined. Second,

an investigation should be made of the feasibility of sweeping a

rebatron beam in a bermutron; and third, investigation of a device

using_ concentration modulation96 _s recomw_uded.

Further, the ubitron and cycloidotron principle seem more

attractive than the remaining devices in this table (_,l.III)

because they utilize smooth structures (as does the bermutron)

with periodic beams. The reason that they appear somewhat less

attractive than the bermutron is that in the ubitron the required

strength and periodicity of the static magnetic induction may

become excessive at higher frequencies. In the cycloidotron the

power output may become too small to be useful because of the

bunching, which is due to the time varying induction, and is thus

_imited by the power density limit of the waveguide.

Finally, it is recommended that the feasibility ofusing

synthesized-plasma hollow cathodes 97 in carcinotrons be studied

to extend their frequency range because of the very high current

densities available from such cathodes.
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The dematron is an attractive device in the X-band, but

because it belongs to the magnetron family, scaling in frequency

requires scaling in volume, so that it does not seemsuitable for

frequency extension. The teaser, orbitron, and other devices

based on Cerenkov, or cyclotron, radiation require additional

theoretical considerations with respect to generation under symmetry

conditions, etc. (cf. refs. 90-92). The utilization of such, and

similar devices, however, is contingent upon the development of

efficient couplers, a point mentioned before, but because of its

importance worth repeating.

The devices in Table 4.1.111 are not recommendedfor further

development for various reasons, e.g., the undulator power output

will always be less than the corresponding ubitron, the phreatron

and harmodotron, essentially Cerenkov-like devices, have very low

interaction impedancessince they use homogeneous,isotropic dielectrics;

and there are no data available for the others. Lack of data and

experience with respect to millimeter wave generation puts the cylotron-

wave converter 98 in this class also (see also above).

4.9.2 Lon_ Ranse Recommendations

Among the long-range recommendations, the first is an

extension of the study reported here. This extension should concern

itself with detailed theoretical calculations of the limits of the

untried devices (cf. Table _.l.III) including loss and heat dissi-

pation calculations. _hus, study should include the general
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consideration of inherent frequency and power limits of electron

beam-circuit devices, using the work of Senitzky 13 as a starting

point.

The same priority should be given to a study of some novel

coupling schemes, a point which cannot be overemphasized, for possible

efficient utilization of such phenomena as Cerenkov, Bremsstrahlung,

and cyclotron radiation, and electron beam-plasma interaction

including density modulation. Although the question of coupling

is believed completely solved by ma_y_ the f_ct remains that 11_less

more effective coupling schemes are developed, the phenomena mentioned

above cannot be readily applied for development of practical devices,

i.e., reasonable power outputs in the millimeter and submillimeter

range.
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Chapter V

QUANTUM GENERATORS AND AMPLIFIERS

5. I INTRODUCTION

In this section are presented the results of a search of the most

recent literature concerning the amplificatio_ and generation of electro-

magnetic radiation by devices whose behavior is mostly attributable to

quantum mechanical effects.

5.2 G_TION US_G TEE MASER PRINCIPLE

^ _-" ^ ipl - mplifi ..........._=o_ princ e vf -: .........._ ,,u.c.c-uw,_wa cation uy bne _o±mu±a_ea

emission of radiation is well known to consist basically of the inversion

of the thermal equilibrium population between two energy eigenlevels

and El, where E2 > El, of the unperturbed Hamiltonian of a given

physical system. Consequently, electromagnetic radiation with a fre-

quency f such that hf = E2 - E1 acts as a perturbation of the existing

Hamiltonian. The electrons in the upper levels make transitions to the

lower levels, simultaneously generating photons hf which add to the

existing radiation. This additive build-up of photons is "coherent."

It is clear that the incident radiation is amplified as it propagates in

the "active medium_" in order to transform this amplifier in_to a genera-

tor, sufficient feedback must be provided from the output to the input

of the maser. Oscillations at frequency f will then b_ gener$ted.

5.2.1 The Resonant Cavity

The problem of providing a proper resonant cavity in which grow-

ing oscillations may be contained is solved for any frequency f of
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interest in this report by the use of Fabry-Perot ir_erferometer type

mirrors. W. Culshaw1'2 has investigated thoroughly the use of the

Fabry-Perot interferometer at millimeter wavelengths, and the quality

factors of the order of several thousand seemto be readily obtainable

at any frequency using low loss dielectric materials such as polystyrene

(c = 2.56, 8 = 0.001) or, better yet, fused quartz (¢ = 3.83, tan 5 =

O.OOO1),in the form of n parallel quarter-wave plates with k/4 spacing

in air. There is, however, a need for data describing the electrical

properties of knownnew materials at these frequencies. Very often the

Fabry-Perot mirrors are simply chosen to be flat metallic discs of brass

or someother material of high conductivity.

5.2.2 Available Radiative Transition Frequencies f

It is clear that it would be possible to generate any frequency

f using the maser principle as long as the proper physical system is

available which provides two energy levels E1 and E2 such that E2 - E1 =

hf and the transition probabilities between the different energy levels

allow the population inversion in E2 with respect to E1. Historically,

radiative transitions observed in different active materials fall into

two major classes--the optical and the microwave. However, recently the

gap between these classes is being rapidly closed.

5.2.2.1 Optical Frequency Transitions

Here the maser is called a "laser." The frequencies in this

case are in the visible light or infrared region. Typical examples are:
o O

the 6934 A radiation from Cr3+ : A1203, and the 26,130 A radiation

from _ + : CaF2 (see ref. 3 for other materials).
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The semiconductor injection diode lasers fall into this:class

since the largest generated wavelengths are of the order of 5 microns,

recently reported by Lincoln Labs. 4 In this latter case a high magnetic

field parallel to the current was used (first magneto-optical laser) and

l_ tunin_ was possible by changing the intensity of the magnetic field

from 20-60 kilo-Oersted.

5.2.2.2 Microwave Frequency Transitions

The principle of microwave generation by stimulated emission

of radiation is the same as for lasers; however, the energy difference

E2 - E1 is now so small that the active medium is very different from

the optical maser. The transitions in this case are between the quantized

rotational or inversion levels of the molecules.

It is clear that the problem consists now in carrying out an

extensive spectroscopic program in order to determine the rotational

energy levels of different molecules as well as the transition probabil-

ities between these levels. Such studies have already been made 5 and

6
are being pursued presently.

Maser action can be obtained by four different methods.

1. Beam Maser: In this case the gas molecules populating the

upper energy states of a two energy level system are separated from the

molecules of the lower energy state by passing the active gas beam through

either a spatially ir_homogeneous electric field or magnetic field. Pos-

sible molecules for this case are:
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}4olecule Transition Wavelength

HCN J = i_-_ 0 3.4mm

N_ J = 2_-_ i 0.252 n_n

C_F J = 2_ i 2.95 mm

C_CN J = 5_-_ 6 2.72 mm

CH3NC J = 4@_ 5 3.OO mm

ND3 J = 2_--_ i 0.485 mm

HF J = i_--_ 0 0.24 mm

2. Radiation Pumped Masers: _e difficulty here is to find

materials with at least three properly spaced energy levels and convenient

transition probabilities. Solid state traveling wave masers that are

discussed in Section 5.8.3 can be operated as oscillators if the reverse

isolator material is not used, thus causing regeneration to occur. How-

ever, the saturation power level of such devices is about one microwatt.

A basic disadvautage of optically pumped microwave masers is the in-

herently low efficiency, typically about O.l_, 6'51'52 because of the high

hf

value of the ratio optical . An optically pumped CN laser has been

_f mic_rwa.ve

operated recently using, theimcoherent light output of a Xenon flash

lamp. Thus, about I0 _W of peak power at 5.2_ has been obtained during

the photolysis of cyanogen (C2N2).

3- Gas Masers: Gas masers have originated with the well known

He-Ne laser where an electric discharge produces the necessary population

inversion through the electron bombardment of atoms. A more recently

developed infrared laser which also produces the largest CW laser outputs
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is the C02 laser with a wave-to date (of the order of a few kilowatts)

length of 10.6_.

Submillimeter gas masers which have been developed in the last

two years offer the most exciting possibilities in generating submilli-

meter wave radiations, and perhaps they will constitute one of the very

small number of practical means of generating these frequencies.

Some of the results in this field are summarized in the following.

8
A maser usir_water vapor at l mmpressure in a glass tube

4.8 meters lor_ and 2.5 cm internal diameter has been constructed. The

discharge was pulsed with a duration of 2.9 _sec. Two spectral lines

were obtained; one at 23 _with a peak power of l0 W and another at 89_

of the order of 0.1 W.

Twelve oscillation wavelengths between 23 and ll9_ from water

vapor, and two wavelengths (36.3_and 72.7_) from deuterium oxide dis-

charges, have been obtained in a high Q optical resonator. 16 The gas

pressure was about 1%brr and the peak value of the discharge current

380 A. The highest peak output power is of the order of O.1 W. The

laser output repetition frequency was 20 c/s.

Oscillations at fourteen_avelengths 17 between 126 and 373_

were obtained in dimethylamine, ammonia and mixtures of deuterium

_d b_omine cyanide with which four lines between 181 and 205_ were

obtained.

Stimulated emission at 337 and 310_ was obtained 9 in pulsed

discharges in C_ CN at a pressure of 1 mm mercury with a peak power

estimated at l0 W. The generation of 337_ _ radiation is of special
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intezest because of the observed window at 349_ in the absorption

spectrum of water vapor, which implies low losses alo_ the trans-

mission path for communication at this wavelength.

The possibility of operating continuously these submillimeter

masers has been demonstrated recently 73 for both a water vapor and a

CH_ CN laser with output powers of the order of several micro_tts. It

has also been sho_n 72,18 that these lasers can be built with reasonably

small sizes (about two meters in length).

While the exact mechanism of transitions responsible for the

operation of some of the submillimeter lasers is yet not established, a

new mechanism was recently suggested 74 (see Fig. 9.1) which results in

°

predicted emission wave numbers which agree with all of the observed CN

laser emissions such as the 0.337 mm and the 0.310 mm lines as well as

the newly observed 74 0.676 mmwavelength from ICN which cannot be ac-

counted for by a_j of the previously suggested mechanisms. 75'76

_ne practical conclusion from these experiments is that with

f_ther _ - _ ....±nves_iga_iol_ of new active media, it should be possible to

generate almost any submillimeterwavelength of appreciable power.

_. The Cyclotron Resonance Maser in Semiconductors: When

a magnetic field B° is applied to a semiconductor, the eigenenergies of

free carriers of effective mass m split further by (n + _) _ _c' where
eB

O
=---- _e energyn can take integer _lues starting from zero and _c * "

m

of electrons is then given by

_ +_2_ .-_ (9.i)
i

_(n,k) = (n + _) c *
2m
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X, = 0.76 mm CORRESPONDS TO AZ"/'r_ (18, I,E) _ X2_E(21.O)

2

_.=0.337mm AND 0.310 mm COMPARED TO A27T (V=lT)--'_ B2_(V=i5)

Figure 5.1 Postulated Mechanism of Transitions

in CN Radical Lasers
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Thus,to a fir_ approximation, equally spaced Landau energy levels sepa-

rated by _ e are created in the presence of a magnetic field as shown
C

in Fig. 5.2. In InSb, where m = 0.015 mo, a magnetic field of 1000

Gauss corresponds to _ _ = 0.0008 eV and a frequency of 187 GHz, clearly
C

helium temperature operation is necessary in order to reduce the thermal

energy below the energy separation of Landau levels. With a magnetic

field of l0 kilogauss the frequency is 1870 GHz and higher temperature

operation is possible. If a technique utilizing this principle were

developed it would provide the attractive possibility of continuous tim-

ing over the submillimeter band.

In a semiclassical consideration of this problem it is intuitive-

ly understood that this quantization of energy levels is effective only

if the carrier scattering time is sensibly longer than the cyclotron

rotational period, Joe.

_>>I
(_.e)

C

But since the mobility

eT

=-_
m

an equivalent condition to (_.2) is

_B >> 1 (_.3)

Thus, equation (9.1) is effective only for high magnetic fields and

high carrier mobilities.

The cyclotron resonance maser has the further interesting feature

of electrical tuning adjusting the separation of the Landau energy levels

by altering themagnetic field B.
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Figure 5.2 Splitting of the Conduction Band Edge into

Equally Spaced Landau Levels upon the Application

of a Magnetic Field
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However, a major difficulty arises when an attempt is made to

produce inversion of population among the Landau levels in order to

utilize subsequently the stimulated emission resulting from transitions

from an upper level to some lower level. Indeed, the selection rules

permit only transitions where n changes by + or - l; thus, any stimulated

emission will produce a radiation of frequency f with

AE
f -

h

where the AE is the equal separation of Landau levels. Consequently,

this stimulated emission will be immediately absorbed inside the material

by stimulated up-transitions between another set of adjacent Landau

levels which are separated by the same energy difference AE.

Possible solutions to this problem are reviewed by Jeffrey

Frey. 48'68 One such solution, as suggested by B. Lax, 47 consists in

utilization of Landau levels resulting from the degenerate valence band

of Ge and Si where unequally spaced Landau levels are expected.

It must be recognized that extensive investigations to obtain

cyclotron resonance maser action in in_b have not resulted in any posi-

tive results. However, further work in this area is attractive because

of the great ease in tuning the device. On the other hand, cryogenic

temperatures are necessary.

5- Mixin_ and Pressure Tuning of Lasers: Submillimeter signals

can be obtained by mixing two optical laser outputs which differ in fre-

quency by the desired amount. This is especially true since phase lock-

lO
ing of two masers has been shown to be possible. The nonlinear medium
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could be one of the _=_ dielectrics such as ADP or _P. or an im-

proved GaAsP----)GaAs heteroju<,.ctior_ photodiode 24"25" as descri_ed below.

_u,_ systems is ver.v low_It is clear, however, __a. the efficiency of .....

except possibly in the case of the semiconductor heterojunctions.

O

W. J. Moroney has dis<:ussed _ and successfully implemented effi-

t._e generation of differencecient photoelectric mixing, resulting in "_

frequencies in the gigahertz " iire_.en_y range. (in the alcove report a 40

GHz differe__ce frequency was reported. ]

On the other _d_.... , a su_'w.ll-!,a_-:dgap_semiconductor infrared laser

belonging to +he,__family o__ PbSe, Y_Te, o__e_'_ a<d Po onI__,_ .x_e_mprovides a

direct source of long wavelength radiatlor ;57_ namely, it "na_ tee-._possible

to tune a PbSe laser from its natural lasir.g _,i_aveler_th of 8_ to 14_ by

t_e reduction of -6heapplication of exterral pressure. ___is is due to _

forbidden bandgap width. _ne drawback in this scheme is the _necessity of

a bulky pressure _,.pplm,,a_mo._equipme:_b operating at cryogenic temperatures.

The more recent work or_ Pbx_nI_" _xTe' lasers shows that _y c:_=r4_Ir_.... x from

0 to i, the forbidden bandgap goes from i%s original small v--31ue for SnTe

to zero and again a finite _lue for }_Te _w_,_ _:o_d_ctio_ and vale_.ce

bands interchanged). _, therefore, appears _......__ o_._ a___.yrt.diation wave-

length up to k = _ can be obtained at a proper value of' x. Clearly, it

is also possible to pressure tu_e a I_ S_ '_'elaser to k > (k with no
x -_l-x_

pres sure).

Besides the possibility of obtairing directly io_ wavelength

radiation from such lasers when properly pressure tuned, an in_nediate

possibility exists i__.mixing an ur=pres_::omrased laser beam with the

- m<{$-



output of a continuously "pressure tuned" laser in a "high speed" photo-

detector. In this way a continuously tuned submillimeter generator may

be constructed. Note that Moroney's detector is Usable only with GaAs

lasers which have a characteristic wavelength of _ 8500 _. In order

to obtain a beat frequency of 1000 GHz a relative_change of wavelength

_k = 0.003 is required (corresponding to about 30 _ line shift). This
k

is easily achieved by pressure tuning. It is clear that the main limita-

tion in this scheme comes from the speed of the photoelectric mixer

response.

5.3 BRE_STRAHLUNG RADIATION FROM SOLIDS

The pQssibility of the stimulated emission of Bremsstrahlung and

consequent amplification and generation of a broadband of frequencies ex-

tending to the submillimeter region is discussed by D. Marcuse. ll'30

The fundamental concept can be surm_arized as follows: while in

a conventional maser the incident electromagnetic radiation is amplified

by the coherent transitions of electrons from discrete excited states to

lower energy states, it is also possible that radiation be emitted from

a free electron in the presence of a static electric or magnetic field

(such as the coulomb field of ionized impuritfes in a semiconductor).

This corresponds, in actual fact, to coherent transitions of the electrons

between the continuum of energy levels of a free electron Hamiltonian,

due to the perturbation introduced by the incident radiation. It is clear

that in this case, unlike the case of the maser, there is no preferred
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characteristic frequency, so that a very broadband operation is possible.

Correspondingly, however, the noise due to the spontaneous emission is

inherently high.

The current-carrying free electrons in a semiconductor can make

transitions as described above, as a result of being scattered by the

ionized impurities. Research in this specific area is described in

Ref. 55, where an n-type GaAs semiconductor sample is used as the active

material. Although the efforts of this group to obtain Bremsstrahl_ig

emission have not been successful, this may have resulted from experi-

mental conditions such as the lack of cooli_.

This method of generating submillimeter radiation is basically

very promising especially with the expected watts 30 of power available

at frequencies near lOO0 GHz. The group previously mentioned is pursuing

research in this field.

5.4 THE GUNN EFFEC_

A novel current instability was discovered by J. B. G_n 12 in

n-type GaAs and InP samples in 1963. _ne instabilities he reported were

in the frequency range 0.5 to 6.5 GHz. Since then considerable efforts

have been made in the field of solid state devices in order to understand

and improve the operation of Gunngenerators.

The device consists simply of the semiconductor sample subjected

to a pulsed or dc bias electric field, and placed in a proper microwave

cavity in order to monitor the generated oscillations.
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5.4.1 Characteristics of the Oscillation

The main characteristics of the Gunn oscillation are as follows:

i) In order to start the oscillations the applied bias field

must reach a threshold value, which is found to be very close to the

electric field at which the drift velocity of the charge carriers

reaches its saturation value of 107 cm/sec.

2) The frequency of oscillation f is approximately equal to

V

"_;s where vs is the saturation velocity of the charge carriers and g is

the length of the sample.

3) It is a bulk phenomenon existing at room temperature and

unaffected by external magnetic fields.

4) _T_e external circuit impedance affects the operation fre-

quency only to a small extent (104 tuning range).

Various aspects of the present universally accepted theory of

the G_nn effect are best discussed in a special issue25(see in particu-

lar ref_ 44) of the Transactions on Electron Devices of the IEEE. This

theory explains the existence of a dynamic negative differential mobility

as a result of the formation of space-charge domains when the applied

electric field bias reaches a threshold value.

The conduction bands of semiconductors such as GaAs and InP

are characterized by the existence of satellite energy band minima of

much higher effective mass situated a few tenths of eV above the main

conduction band minimum. The dynamic negative differential mobility is

the result of the excitation of the ordinary high mobility _I conduction
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_2
electrons into the low mobility _2 satellite band. Let -- = B. If

nI and n2 are respectively the number of electrons in the conduction

band and the satellite band, it can be assumed that

(_°)K= (5.4)

where F is the local electric field

F is a reference field
O

and K is an appropriate exponent.

The average drift velocity v at a point is then

F K+l
F__F+ B(_-)

0 0

v = _IFo F K (5.5)

1 + (_-1
0

Consequently, the differential mobility is

:_-- (1+_)2 i - K- l)- B(K+ i _ +

F
where E =- .

F
O

It can be easily shown that for K >_
I+B

I - B ' _ is negative for

certain values of E and the v - F curve has the characteristic form

shown in Fig. 5.3.

Let the applied bias voltage be such that instantaneously the

electric field everywhere in the sample is equal to F . This is clearly
c

an unstable situation;indeed, if at any point of the sample a slight

microscopic irregularity exists (the most probable region is at the
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Figure 5.3 Plot of the Drift Velocity v as a Function

of the Electric Field F Showing a Negative

Mobility
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electrodes), such t_at the electric field tends to become larger and

smaller than F at the right and left respectively of this point, it is
c

clear that electrons will accumulate suddenly at that point since more

electrons will flow from the left-hand side than are drained out from the

right-hand side. This accumulation will continue until the high and low

electric fields reach the values F6 and Fh at which the high and low field

region velocities are the same vs. As the accumulation layer moves out

of the sample a new one will be formed.

This is a very general description of the phenomenon. Several

kinds of operational modes are discussed in great detail in Ref. 20.

5.4_ Limitations of the Gunn Oscillator

a) Frequenc_ limits

It is clear that the oscillation frequency is of the order of the

reciprocal of the transit time of space charge domains in the Gunn diode.

Therefore, higher frequencies are expected from thinner structures or from

materials which allow higher electron drift saturation velocities v •
s

Since v6for GaAs _ 107 cm/sec, a frequency of a few GHz is expected from

s 100p thick sample. 13 It is hoped, however, that much thinner structures

can be constructed using epitaxial layers; thus a reasonable limit for F

may be that corresponding to a IV thickness, i.e., a few hundred GHz.

A fundamental limit for this phenomenon, however, is set by

i/scattering time from the satellite to the conduction bands. In the

-12
case of GaAs this time is I0 sec; therefore, an upper limit for the

I
operation frequency is T _ 1012 Hertz, i.e., i000 GHz. Detailed discus-

sion is given in Ref. 49°
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b) Output Power and Efficiency

The best results to date are output powers of the order of i00

mW for CW operation and lOO W peak for pulsed operation, with efficiencies

typically of a few per cent and 68 for the best cases. It was shown

recently 46 that the efficiency of the device can be improved by almost

100% with certain changes in the geometry of the generating semiconductor

samples.

5.5 SOLID STATE PLASMA INSTABILITIES

In analogy with gaseous plasmas, the free electrons and holes in

a solid, together with the ionized donors and acceptors, constitute a

plasma which is expected to behave in a way similar to its gaseous coun-

terpart. Thus, Helicon waves have been observed in sodium 58 and indium

antimonide 59 while Alfven waves have been observed in bismuth. 60

The basic differences between gaseous and solid plasmas are:

l) The plasma density n in solids is much larger than those in

gases at standard temperatures.

2) The solid plasmas behave better at low temperatures where

lattice scattering is reduced, while gaseous plasmas have to

be operated at very high temperatures to keep the plasma

density high enough.

Since a characteristic parameter is the so-called plasma fre-

2

quency _p , where

2
2 n e

p *
e m

O

l e = electronic charge

Co = dielectric constant

.
= effective mass
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it is clear that high2 is desirable for high frequency plasma phenomena,

and therefore only solid state plasmas will be of interest in submilli-

meter applications.

Although much work has been done to study the possibility of

different solid state plasma instabilities in a number of semiconductors

or semi-metals, it has not been possible to observe experimentally any

instability which could be identified with one of the theoretical pre-

dictions. The search for plasma instabilities has been carried out in

indium antimonide in which electrons have, on the one hand a low effective

mass which helps to provide a large _p, and on the other hand they have

large saturation velocities, which is an important requirement for the

useful interaction of an electromagnetic wave with the plasma. Indeed,

for the _wave to gain energy from the plasma wave the charged particles

have to move with velocities larger than the phase velocity of the EM

wave. However, even for InSb, these parameters are favorable only for a

61
frequency of 8 GHz.

More recently 63 the possibility for two-stream instabilities has

been extensively studied for bismuth and graphite. It was found that

bismuth can sustain a growing wave of 9lO GHz along its trigonal axis

at an electric field of lO v/cm (this is a very high electric field for

a semi-metal) and a wave of 2300 GHz along the binary axis with a

threshold field of 15 v/cm. Experimental attempts, however, to obtain
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such instabilities have been unsuccessful to this date mainly because

of the difficulty in sustaining any appreciable electric field in the

high conductivity host materials.

R. D. Larrabee et a162 have reported a broadband emission of

microwave radiation from lO GHz up to 44 GHz of about i microwatt RF

power when (pulsed) current densities of about 3 × 104 A/cm2 were passed

through n-type InSb samples which are simultaneously subjected to a

longitudinal magnetic field of about 4 kilogauss. This was believed to

be due to a plasma instability.

In conclusion, it may be said that the success of obtaining use-

ful solid state plasma instabilities has been very limited in spite of

substantial efforts directed towards the investigation of this field.

5.6 NEGATIVE EFFECTIVE MASSES IN SEMICONDUCTORS

Reference is made here to the article by H. Kroemer l_ which

describes the possibility of the existence of regions in the crystal

momentum space where the effective mass (transverse effective mass) of

the charge carriers is negative. This situation arises in cubic crystals

when one of the energy bands is degenerate; a typical situation is the

valence band edge of p-type germanium.

A negative-mass amplifier operating on this principle would con-

sist of a slab of the proper semiconductor placed in a waveguide, or in a

general enclosure, where the signal to be amplified is located. A very

strong electric field must now be applied to the crystal in such a direc-

tion that the charge carriers will be concentrated in the negative mass

region of the k-space. The electric field of the signal to be amplified
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must be in a direction for which the effective mass is negative. It is

clear that energy will then be transferred from the crystal to the applied

signal. Such a negative resistancesffect would be effective up to fre-

quencies of the order of the collision frequencies (up to lO 12 Hertz)

and would thus cover the entire microwave range.

Practically, it will be possible to populate the desired regions

of k-space only if the electronscompletely lose their kinetic energy

between collisions, which occurs if the scattering cross-section by the

optical phonons is large. Although germanium has favorable negative

mass regions in k-space, its optical phonon scattering cross-section is

small, and attempts to observe the negative mass effect have not yet been

successful. The compound semiconductors offer better promise in this

sense.

Finally, another Possible way of using the negative mass is to

superpose on the biasing electric field a large magnetic field in order

to produce cyclotron frequency modes which would set as a source of

radiation instead of absorption at the cyclotron resonance frequency.

This is possible since the mass of the rotating charges is negative. It

should be noted, finally, that the cyclotron frequency is tuned easily

by varying the magnitude of the applied magnetic field.

9.7 THE READ DIODE 29'26

5.7.1 Description

The Read diode, first proposed by W. T. Read, Jr. of Bell labs.,

consists of a reverse biased junction where the electric field can reach

the avalanche breakdown value. A typical diode structure is shown in
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Fig. _.4, together with the electric field distribution within the diode.

A simplified description of the operation of this diode is as follows.

When the voltage V is applied, instantaneously an electric field config-

uration is established. If the ac operating _ondition is so adjusted

that during the positive portion of the ac cycle the field is above E
m

and during the negative portion below it, the avalanche current I° at

+
the n p junction lags the voltage by 90 °. The overall external current

T

Ie(t ) lags another _ on the average with respect to Io, where • is the

drift time of saturated velocity driven carriers through the drift

W
region, and • = _, where v is of the order of lO 7 cm/sec in silicon.

T

If _ corresponds to another 90 ° phase, the current Ie(t) and voltage V

(t) will be 180 ° out of phase. Thus, at a frequency of

1 V
f _ m _ m

c 2_ 2W

the diode behaves like a negative resi_%tance.

5.7.2 Recent Results

Read had predicted in 1958 an operation range for this diode

from i GHz to 50 GHz with output powers of up to 20 watts at an effi-

ciency of 30%. Today, these performance characteristics are still

challenging goals for the future. Recent results_ together with the

highest frequency Read diode oscillator, are available in Ref. 25.

Silicon structures operating at a few tens of gigahertz have

been reported often, with the possibility of tuning (up to 30%) through

the variation of the avalanche current I° (typically l0 to 20 ma). In

order to increase the operation frequency, it is clear that a larger
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velocity (v) and narrower width (w) are necessary. The most recent

resUlts 51,64 in this field show the generation of 150 mW at 70 GHz,

75 mW at ll5 GHz and 6 mW at 140 GHz. One fundamental disadvantage of

the Read diode scheme is its inherently high noise output because of the

avalanche breakdown.

5.8 AMPLIFICATION OF SI_MILLIMETERWAVES

If low noise amplifiers are available at the signal frequency,

they can be used to overcome the inherently low efficiency of available

detectors.

In the frequency range up to lO0 GHz, considerable effort has

been devoted to maser amplifiers. It has been previously stated that

a generator can be considered to be an amplifier provided with the proper

amount of phase and feedback. It is thus possible to use_ with slight

alterations, most of the generation schemes previously described in order

to amplify signals of frequencies close to the oscillation frequency.

5.8.1 Nesative Resistance Amplifiers

Negative resistance amplifiers may be of the "broadband" or

"narrow-band" (critically frequency-dependent) type.

a) The Negative Effective Mass

If it can be shown to be practically realizable, the negative

effective mass effect described in section 5.6 could be used for the

amplification of signals up to 1 Tc provided proper ways of coupling

the signal in and out of the semiconductor slab are devised. One can

propose the covering of the input and output faces of the slab with
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dielectric layers of k/4 thickness and small refractive index in order

to reduce reflection losses.

b) The Gunn Diode

The description of the Gunn oscillator theory in section 5.4

indicates the availability of a dynamic negative resistance which would

eventually be usable at frequencies (in this case, however, the negative

v
resistance is "tuned" at the characteristic frequency _ ) limited by

approximately the lOOO GHz limit of the Gunn effect.

Although Kroemer in his original explanation of the Gunn effect,

which is now accepted, labeled this negative resistance as "unstabiliza-

ble," the team of B. W. Hakki at Bell Labs. reports what is believed to

be a Gunn effect GaAs bulk semiconductor amplifier operated between 5

and i0 GHz (the operating frequency is determined by the dimensions).

This aspect of the Gunn effect is still strongly controversial; however,

it is agreed that it is not possible to obtain stabilization by mere

proper external loading. It is also necessary to have the proper dimen-

sion L and carrier concentration n. One such criterion would be 25

(papers by B. W. Hakki, Bell Labs. and P. N. Butcher, Royal Radar

Establishment, England)

I0 I0 cm-2< nL < 1012 cm -2

c) The Read Diode

It is clear from section 5-7 that the Read diode like the

Gunn effect corresponds to a tuned negative resistance which can be

i

eventually used as an amplifier at the characteristic frequency of 2-_

or close to it.
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The first amplifiers operating on this principle were reported

by L. S. Napoli of RCA Laboratories 25 (the frequency of operation being

about 8.5 GHz), and B. C. Deloach who reported an amplifier operating

around i0 GHz with 30MHz bandwidth and 20 dB gain. The drawback of the

Read diode is its inherently very high noise figure which makes it useful

only as a high level device.

5.8.2 Varactor Diodes

These diodes consist of a nonlinear voltage dependent capacitance.

The theory of parametric amplification 19 shows that the impedance of this

capacitance pumped at a frequency f appears to be negative real at a
P

signal frequency f .
s

Parametric varactor diode amplifiers have been operated up to

i00 GHz with silicon and GaAS ju_ction diodes. Research is now under way

on 93-94 GHz parametric amplifiers using subminiature surface-barrier

varactors with etched substrate surfaces 20 and ultraminiature annular

21
varactors. The best cutoff frequencies obtained to this date are

around 400 GHz with a theoretical upper limit 21 of

i i
f =
c 2_ RsCmi n _cp

where _ is the dielectric constant and p the resistivity of the particu-

lar semiconductor in use. It is interesting to note that from theoreti-

cal considerations the dielectric constant of a semiconductor is approxi-

EG

mately proportional to I/(EG)2, while P is proportional to e _-_where EG

is the forbidden energy gap of the semiconductor. Thus, the product cp
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is a slowly varying functior_ of E G and a drastic improvement in f doesc

not seem to be probable. It is understood of course that p can be

changed strongly by doping, presumably without altering the dielectric

constant.

The most recent effort in raising the cutoff frequen,cy of varac-

tor diodes as high as possible, and in generating millimeter waves by

harmonic multiplication in such diodes, is illustrated by the development

of n-GaAs with phosphor-bronze point contact diodes 65 and of epitaxial

p-n junctions in GaAs.66 Cutoff freque_,r.ies..... up to i000 CHz are reported 67

with actual conversion from 70 OHz to 140 GHz with 20% _fficiency and

15 mW output power.

5.8.3 Amplification by Maser Action in Solids

Table 5.I gives an outline of the principal characteristics of

some very unique solid state maser amplifiers operating between 9.3 GHz

and 96 GHz that have been built in the last five years. _eir most

interesting properties are des:_ribed in the following paragraphs.

5.8.3.1 X-Band _,dder ___eT__34

This traveling wave maser utilized a Karp-type slow wave struc-

ture which is composed of a ridge waveguide with a thin copper ladder

line situated in a plane midway between the ridges are shown in Fig. 5.5.
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It has resonant slowir_g of the propagating wave with definite upper and

lower cutoff fre_uencieso __e active maser material and the reverse

isolator material are placed in regions having opposite senses of circu-

lar polarization.

2_
5.8.3.2 Solid State ......... '._,_..,lt._/ Maser Operating at 77 °

Nitrogen temperature maser operation was investigated using

chromium doped r,iJ0y as the active material. It was found ÷"_za_ the maser

inversion ratio decreases with Cr +3 co__e_o,._+_r_'_'1o__,_+he paramagnetic

i-ebor:amce iimewid[, h imc±.ea_ wit,L _or'_,_eni,z'_tio_-_,_nd i_=e pump power

needed to saturate the amplifier increases with cor_centrationo The

optimum concentration to get the minimum value of Qm (not.e: _dB

SN 0.2_ Cr +_
27.3 _--) was Note the large amount of pump power (3-5 watts)

m

needed to invert the maser and the high ir_put noise temperature (105 °)

of the amplifier.

5.8.3.3 Iron Sapphire M_ser with No Magnetic Field 36

This was the first maser operated with crystalline field

Wm,_o_ a mag_uet, it simplifies the maser device con-splitting onlyo "+_ i_

siderably. A signifi_:ar.t in,:_rease i]_ the galn-bamd_id___ product was

achieved by applying a small magnetic field of 5-10 gauss with Helmholtz

coils.

5.8.3.4 X-Band Meander Line TWM

A meander line slow-_ave s+ructure whm=n has a very broad

bandwidth of ulg_ slowing was used for this traveling wave maser. It
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provided a large tunable bandwidth of 1.6 GHz. The maser, operating with

a superconducting magnet, is a complete field operational device to be

used for a radiometer.

5.8.3.5 Zero Field Powder Maser 37

A maser using ferric-doped aluminum nitrate in powder form was

demonstrated without a magnetic field. This cavity maser had a net gain

tunable over 150MHz. A powder traveling-wave maser using a meander

line slow-wave structure is being investigated.

5.8.3.6 Ku-Band Maser Using a Reflection Type Cavit# 8

A chromium-_oped ruby material in the form of a rectangular

block was coated with silver paint to form a completely filled cavity.

5.8.3.7 First CW Millimeter Wave Maser Using Fe +3 in Ti0239

This cavity maser could operate over a very wide frequency

range (260-390 GHz) because of the large zero field splittings of Fe +3

-doped rutile and the large E term in the spin Hamiltonian.

5.8.3.8 An 8n_n Traveling Wave Maser 23

Chromium doped rutile was placed in a waveguide along the path

of the signal to be amplified. This purely dielectric slowing gave a

very wide tunable bandwidth of 4.6 GHz. The configuration of the energy

levels illustrating the push-pull pumping technique is given in Fig. 5.6.

The magnetically unbiased crystal has two doubly degenerate

energy levels at E1 and E2o The application of a magnetic field splits

these two levels into four as shown. The figure is self-explanatory for

- 149 -
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the pump and signal energy differences. In this push-pull pumping
f
S

scheme T- is relatively large in magnitude corresponding to a high energy
P

conversion efficiency.

5.8.3.9 Millimeter Wave Ladder Line Traveling Wave Maser

This maser 32 used a Karp-type slow wave structure and only four

inches of iron-doped rutile to obtain a net gain of more than 30 dB over

2.0 GHz. Operating at 4.2°K a multiple pumping scheme was used to make

the effective pump frequency nearly ll0 GHz. A superconducting magnet

was used to provide the necessary magnetic field.

5.8.3.10 A CW Solid State_ Push-PullMaser in the 5-6 Millimeter

4O
Wavelength Region

Cavity maser oscillations were observed from 49 to 57 GHz

with iron-doped rutile as the active material. Push-pull pumping was

employed.

5.8.3.n A 70 GHz Maser 41

Maser amplification was obtained at a signal frequency of

70 GHz and a pump frequency of ll8 GHz. The iron ion Fe +3 was used in

a host crystal of Ti02 (futile).

Normally, it is assumed that in order to get amplification, the

pump frequency must be at least twice the signal frequency. For equal

signal and idle relaxation times the inversion ratio, which is the ratio

of the inverted population difference with the pump on to the thermal

equilibrium population difference with the pump off, is given by the

expression _6

f
i=!.-1

2f
s
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However, in most maser materials, the relaxation times between levels

are not equal and the inversion ratio is then given by:

I = fp/fs " 6 + Tlidle/T1 sig)

(I+ Tlidle/Tlsig" )

For this 70 GHz maser the energy levels of the active material

were as shown in Fig. 9.7-

Tlidle sig. = T13/T39 was less than one, it was foundSince /T 1

that maser amplification at 70 GHz should be possible for a pump fre-

quency of 120 GHz. This was experimentally proven by constructing a

maser in a typical reflection-type spectrometer. A gain of 20 dB has

been demonstrated at a bandwidth of approximately l0 MHz.

9.8.3.12 A Zero Field Millimeter Maser 37

Iron doped rutile was used in both single crystalline and

powdered form to obtain a zero field maser operating at 81.1 GHz. Two

traveling wave powder masers were constructed by inserting thin slabs of

powdered rutile in a waveguide and by filling a straight piece of G-band

waveguide completely with powder rutile. Only about lO dB of electronic

gain was observed.

9.8.3.13 Maser Operation at 96 GHz with Pump at 69 GHz

A cavity maser using Fe+3-doped rutile was operated with a

signal frequency considerably greater than the pump frequency. The

orientation of the dc magnetic field with the crystal axes was chosen so

that the energy level configuration was obtained as shown in Fig. 9.8.
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In another instance a signal frequency of lOl.05 GHz and a pump

frequency of only 70.80 GHz (H = 6.735 Kg) was obtained using Fe +3 doped

rutile. A pumping configuration has been found which gives a signal fre-

quency of 150 GHz with a pump frequency of 91.05 GHz (H = 6.4 K g).

Investigation of solid state masers with signal frequency higher

than the pump frequency is clearly of great interest to generate sub-

millimeter radiation, starting from strong millimeter sources. Work along

these lines is also b_ing done at Johns Hopkins b_iversity. The require-

ments on proper combination of electron relaxation times in the different

energy levels, however, in this scheme are very critical.

5.8.3.14 Submillimeter Solid-State Masers

The major obstacle in building a submillimeter maser is that

of finding an active material which has a reasonable population inver-

sion ratio of at least 10. It also must have a resonance absorption

greater than

Qabs = 103 = _
Est k

where Kst is the resonance absorption coefficient. Any material not

having an electric dipole transition will not make a good submillimeter

maser material. Measurements by Rowntree and _ang 77 of the optical

constants of CaW04 and MgO in the wavelength range 100p to 1 millimeter

show that Mg0 is a good transmitter, especially when cooled to 90°K or

below.
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5.8.3.15 Conclusions

A solid state traveling wave maser is mainly applicable in the

area of radio and radar astronomy. Table 5-II gives the radiometer

figure of merit, which is defined as the ratio of the square root of the

45
bandwidth to the total noise temperature, of various receiving systems.

The maser's usefulness is apparent. A very important feature of a

traveling wave maser is the possibility of increasing its instantaneous

bandwidth by artifically broadening or altering the magnetic resonance

line shape. The center frequency of the resonance line can be shifted

in discrete sections of the maser structure by varying the magnetic field

discretely along the maser's length. This is illustrated in Fig. 5.9 for

the case of a maser using c_omium-doped futile as the active material

46
(where the paramagnetic resonance linewidth, AF L = 16 MHz).

Another very important feature is the ease of obtaining nonrecip-

rocal forward gain and nonreciprocal reverse isolation provided a suitable

ferrite material can be found at the desired operating frequency. This

will cause the amplifier to be unconditionally stable against any com-

bination of input and output mismatches. Because of the problem of

finding an adequate reverse isolator material, no traveling wave maser

amplifiers have been built above 36 GHz.
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c)

D)

E)

Table 9-II

Radiometer Figure of Merit for Various Receivin 6 S

Receiver
n,

System

N£ise Temp. OK

Superheterodyne Receiver, 7 dB NF

Existing Medium-Bandwidth TWT,

6dBNF

Existing Cavity Maser System

Possible Future TWT, 3 dB NF

Existing Traveling-Wave Maser System

1200

1000

60

3OO

18

stems

(_z)

l0

i000

l0

2000

29

Figure of

Merit

2.6

132

93

149

268

5.8._ Amplification in Gases

9.8.4.1 MMWave Amplification by Resonance Saturation in Gases

The response of resonant media to a millimeter wave radiation

spectrum consisting of a strong Fourier component at the resonance

28
frequency and weak sidebands is considered. _ne absorption of the

sidebands will depend on the amplitude and phase of the strong component

if:

a) the latter appreciably changes the equilibrium

population distribution, and

b) the frequency difference between the strong component

and the sidebands is not greater than the power-

broadened linewidth.

With a strong saturating component, attenuation of the latter and ampli-

fication of the sidebands have been obtained at 3.7 millimeters in Fe+3

doped Ti02, first at 3._ millimeters and later at 1.2 millimeters in the

molecular gas HC12N 15. In the latter case 20 dB of gain was obtained. 29
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In a communication scheme the saturating frequency component may

be a local oscillator and the weak sidebands the incoming signal. Use of

the Stark effect can make this amplifier tunable. A further advantage of

this scheme is its operation at room temperature.

22
5.8.4.2 The He-Ne Laser Amplifier

a) This is a typical traveling wave amplifier at the charac-

teristic wavelength of 1.15_ where an amplification of 20/i is obtained

by letting the signal enter the rectangular cross-sectioned laser tube

and then leave it after 36 traversals of the active length of the He-

Ne gas column, during which amplification is achieved by stimulated

emission buildup; typically, a I mW signal is amplified to 20 mW.

Although this device operates in a range of frequencies outside of our

immediate range of interest the possibility of a similar technique in

the i00_ range should not be overlooked.

b) S_millimeter Maser Amplifier

Amplification by a factor of 2 at 0.377 millimeter has very

recently been obtained by passing a signal from a pulsed maser through a

discharge in CN. 43

5.9 SOME NONL!NEAR P_OMENA IN THE MILLIMETER-SUBMILLIMETER R_aNGE OF
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5.9.1 General Remarks

The following paragraphs will describe schemes of amplific_tion

and generation where a "causal" excitation at a frequency f produces
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"effects" at frequencies 2f, 3f, etc. This will occur when the effect

expressed as a Taylor series contains second, third and higher order

terms.

This kind of nonlinearity can be used for the generation of

harmonics, and mixing of two signals for modulation and demodulation

purposes.

_.9.2 Hot Electron Devices

The name "hot electron" is given to those electrons of a semi-

conducting or metallic crystal which, in response to an applied electric

field, acquire energies more than the thermal energy of 3/2 kT within a

mean free path.

_.9.2.1 Hot Electron Diodes

This is simply a rebaptism of the long known metal-semiconductor

rectifying element. The charge carriers which are responsible for the

operation of these devices have to gain enough energy to be able to jump

over the Schottky barrier, and are consequently "heated." The interest

in these devices as far as high frequencies are concerned is due to the

fact that the carriers involved are majority carriers and therefore the

performance of the device is frequency limited only by the scattering

time or the dielectric relaxation time, whichever is lower. With these

limits metal semiconductor structures should be able to operate up to

frequencies of a few thousand GHz, if other features of the devices such

as stray capacitances, etc. do not limit their operation.

I_8 -



Metal point contact rectifiers with both silicon and GaAs have

been used for generating up to the 6th harmonic of 70 GHZ. 69 To the best

of our knowledge no experimental high frequency limit has been found for

these devices.

Another interesting hot electron device is the "Microwave Detector

and Mixer ''27reported by the General Telephone and Electronics Labs., Inc.

In this device a point contact is made on either a high resistivity ger°

manium or silicon epitaxial wafer. The contact is nonrectifying; how-

ever, when the microwave power is applied to it very large power densities

are created under the point "heating up" the majority carriers. A

unidirectional thermoelectric voltage is created between the point con-

tact and the base "cool" electrode, which follows the power density

variation up to frequencies as high as the reciprocal of the dielectric

relaxation time (_ i00 GHz). The device has been used successfully

experimentally at 70 GHz (see also paragraph 9.4.2).

It is clear that the "heating" process in this latter type of

device is basically and entirely different from the "heating" process

in Schottky barrier type diodes. An easy way of determining whether a

given diode is operating as a Schottky barrier diode or a "thermoelec-

tric" detector consists in observing the polarity of the dc voltage

developed across the diode. Thus, assuming the diode consists of a

small area metallic contact on an n-type semiconductor, the Schottky

- 159 -
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barrier rectification mechanism develops a negative voltage at the

electrode with respect to the semiconductor, while the thermoelectric

detection mechanism develops a positive voltage at the electrode with

respect to the semiconductor.

9.9.2.2 Hot Electron Transistors

These are recently developed semiconductor-metal-semiconductor

structures which essentially constitute two back-to-back Schottky

barriers. C. R. Crowell and S. M. Sze of the Bell Telephone Labs dis-

cussed these devicesat the Solid States Devices Research Conference

(Princeton, July, 1969). Many difficulties have to be overcome in

order to make these devices practically useful (such as replacing the

emitter semiconductor point contact on the metal by a directly grown,

semiconductor single crystal, on the metallic base electrode); however,

since the charge carriers of importance in the operation of these

devices are majority "hot carriers" very good high frequency performance

is expected.

9-9.3 Photoelectric Effects

9.9.3.1 Principle of Operation

The photoelectric effect is intrinsically a "square law" device.

Indeed, it is known that the photoelectric current is directly propor-

tional to the number of carriers n excited from the valence band to the

conduction band; but n is proportional to the number of photons absorbed,

that is, to the absorbed power Pabs from the incident electromagnetic

radiation. Thus, the photoelectric current Iph is proportional to Pabs

E2or (the square of the electromagnetic radiation electric field). It
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would, therefore, seem that the photoelectric effect is an ideal means

of mixing two signals of optical frequencies; the difference frequency

can easily be "made to lie in the submillimeter region (see Sec. _.2.2._;4).

The basic reason for the failure of such a mixing process is, however, that

Iph in all practical cases is proportional to the integral of _-_ over an

interval of time _, i.e.

T •
O

Iph _ f _ dt
T
O

It is clear that if T is comparable to the period of the difference

frequency signal, the latter will be averaged to zero. The basic objec-

tive of a photoelectric mixing scheme should, therefore, be the reduction

of T to as small a value as possible. The value of T is determined by two

main factors:

a) the lifetime of the photoelectrically generated excess

carriers, and

b) the transit time of these carriers in the space charge

region.

The a_plication of this principle to photoelectrically generated

a_ed" h9carriers in a vacuum has recently been demonstr _ Two ruby laser

beams of controllable difference frequency were directed at the sensitive

surface at definite but almost grazing angles. Outputs at frequencies as

high as 40 GHz were observed. However, the values of T due to electron

transit time severely limit the output frequency. It is very unlikely

that the vacuum technique would be of value at higher frequencies.
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A similar technique which is not photoelectric in nature, mixes

two neodynium laser beams in a quartz crystal. 93 The efficiency was

extremly low, however, producing 5 X lO -7 watts at lO0 _m for 1 kW input.

The operation depends on the birefrlngent effect in crystals. In another

version the nonlinear electro-optic effect in cadmium sulfide was used

to beat the output of a neodyniumlaser with the laser stimulated Stokes-

54
Raman emission to produce radiation at 944 _m. The calculated output

power was 1.5 watts. Recently, "high speed" photoelectric heterojunc-

tions were developed, as described below, which have better response by

several orders of magnitude.

9.9.3.2 A High Speed Heterojunction Photodetector

It consists essentially of a GaAs@GaAsP junction. A detailed

description of this device in given in Ref. 24.

It is found that as the As atoms of the GaAs semiconductor are

replaced by P atoms, the forbidden energy gap increased from 1.4 eV up

to 2.2 eV for GaP. An epitaxially grown junction as shown in Fig. 5.10

is thus constructed.

The first interesting feature of such a structure is that when

the photon h_, emitted from a GaAs diode injection laser, is incident

+

on the upper face of the device, the p layer of GaASxPl_ x which has a

large energy gap is completely transparent to h_, consequently the radia-

tion is absorbed almost entirely within the space charge region. The

latter can be made very narrow (l_ in Ref. 24). With the saturated

162 -



velocity of the photoexcited carriers, which is close to 107 cm/sec,

the response time of such a device is of t_e order of lO"ll sec

(_ lO0 GHz). Efforts at mixing two GaAs diode laser emitted optical

signals in this photodevice were successful in producing energy at the

difference frequency of 39.4 GHz in a wavegulde. With the possible

pressure tuning of semiconductor diode lasers and the possibility of

improving further the speed of these photocells, a continuously variable

frequenc_ signal in the millimeter range seems to be rather easily

obtainable from this scheme.

9.9.3.3 High S_eed Point-Contact Photodiodes

The structure of these dlodes 31 is as shown in Fig_ 9.11(a) and

(b); the photodiode here is a point contact structure where the semi-

conductor is made of an epitaxial (relatively high conductivity) layer of

Ge or Si of about 2 microns, grown on a low resistivity substrate. These

diodes are "laser formed" as opposed to the usual "pulse formed" point

contacts_ an ohmic metal-semiconductor contact is believed to result from

this process. It is clear that the structure of these diodes, together

with the direction of photoexcltation, determines the very short transit

time of photocarriers (see 9.9.3.1) in the thin (1 _ thick) semiconductor

layer under the point contact where the electric field is also very high.

Detection of 3 GHz modulation signal carried by an amplitude modulated

laser beam is reported in Ref. 31. It appears that very short response

time, with a probable limit of about lO3 GHz, can be achieved by careful
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variations of this type of structure; it would then be possible to use

this element both as a detector for submillimeter frequencies and as a

generator, resulting from the mixing of two laser beams.

5.9.4 GAS PLASMA GENERATION

The generation of harmonics in a gas discharge is an effect that

has been studied experimentally and, to a limited extent, theoretically.

In one technique, breakdown is established across a gap either by direct

voltage or by the fundamental frequency power. With 14.7 watts applied

at 34 GHz, 440 milliwatts (-15.2 d_) of second harmonic power was

obtained. The effect is believed due to the oscillation of electrons

in the non-uniform field of the electrodes. The nonlinearity is reactive

and therefore, theoretically, conversion efficiency should be 1004, wave-

guide losses accounting for the overall conversion loss.

No estimates of the upper frequency limit of this technique have

been made, but a careful investigation seems warranted to determine if

the factors invo2ved can be properly controlled, and to establish theo-

retical limitations.

Another similar type of harmonic generator described first by

Froome 78 provides narrow-band coherent radiation at a number of fre-

quencies in the 200-1000 GHz range. Operation of this device consists

of coupling approximately 5 watts of 35 GHz signal to an arc maintained

between platinum electrodes in an argon plus 64 hydrogen environment

at 2000 ibs/sq, in. Power densities of the applied signal in the arc
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approach i mW/cm 3 or field strengths of the order of 3 kV/cm. The high

field intensities and the strong nonlinear nature of the arc are respon-

sible for the harmonic generation. Typical performance of commercially

available units is given in the table below.

Harmonic Frequency _H_ Measured Output [_W]

d 21o loo 47

12 420 i 67

20 700 0.01 87

I _1 _ ^^_ - --o9 _ O.uu± _'f

Conversion Loss

_.i0 THE JOSEPHSONEFFECT

Recently, more interest has been concentrated on the phenomenon

of superconducting tunneling otherwise known as the Josephson effect.

The device consists essentially of a sandwich of a very thin insulating

oxide layer (about lO _ in thickness) between two superconducting metal

strips. The metal could be AI, Pb, or Sn.

When the oxide layer is relatively thick, the I-V characteristic

of the device shows a very strong nonlinearity in the form of a 90 ° kink

at a voltage V corresponding to the superconducting energy gap A(T) of

Cooper pairs such that

eV = 2A(T)

Under these conditions the Cooper pairs of the two superconducting strips

are not correlated to each other.
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However, when the oxide thickness is reduced to below i0 _ the

Cooper pairs of the two metal strips become strongly coupled and a dc

Josephson tunneling supercurrent flows through the device at V=O. When

this current reaches a certain maximum value the device switches to an

operation mode similar to that withathick oxide layer.

In addition to the direct supercurrent, Josephson had also pre-

dicted that an alternating supercurrent should be present when the

junction is biased at a finite voltage V, the frequency _ of this current

being

2eV

h

corresponding to 483.6 MHz per microvolt of applied voltage. It is, of

course, this ac effect which is of interest to us. A comprehensive

article dealing with this effectis "Josephson Type Superconducting Tunnel

Junctions as Generators of Microwave and Submillimeter Wave Radiation,"

by D. N. Langenberg, et al. 70

The AC Josephson effect was only recently directly observed;

the observation by D° N. Langenberg et al was made on a Sn-Sn Oxide-Sn

structure at 1.2°K at 9 GHz. The measured output power was of the order

-12
of lO wattJ however, it is believed that most of the power is not ex-

tracted from the device because of a mismatch of the order of lO-_. An

efficiency close to lO0_ is believed to be inherent to the device which

should then provide signals of the order of lO-6 watts.
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The upper frequency limit of this device is determined by

photon absorption. Sufficiently high energy photons will break up

superconducting pairs into ordinary electrons: the upper frequency

limit, _ is given by the following relation:
maX'

m_x

_max is about 350 GHz for Sn, 650 GHz for Pb and 800-1000 GHz for Pb-

Bi alloys.

The advantages of this device appear to be

a) voltage-tunable frequency output

b) minimal power supply requirement

On the other hand, liquid helium temperatures are necessary.

This device, besides being a source of energy, can be used as a

detector or harmonic generator because of its very strong I-V charac-

teristic nonlinearity.

5•ii CONCLUSIONS

In this chapter some of the latest efforts in generating milli-

meter-submillimeter radiation using different quantum-electronic phenom-

ena have been described. Although not all the attempts toward this goal

are presented here_ an effort was made to cover all schemes which looked

promising from the point of view of practical application. We can con-

clude on the basis of this study that, since the review of generation

schemes is now basically completed, efforts should be concentrated on

the improvement and refinement of a large number of promising schemes

herein described.
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Chapter VI

MODULATION

6. i INTRODUCTION

Methods employed in the modulation of millimeter and submilli-

meter wavelengths age relatively few. The majority of these methods are

extensions of techniques used in either the microwave or the optical

regions of the spectrum. These methods can be divided into two general

categories:

1. Internal mo_3xlation methods by which an output characteristic

of a millimeter or submillimeter wave source is controlled by some

internal mechanism of the source itself.

2. External modulation methods by which a characteristic of the

output of a millimeter or submillimeter beam is controlled by inserting

an electrically or magnetically activated "modulator" in its path.

In order to utilize fully the relatively wide bandwidths availa-

ble with millimeter and submillimeter wave sources, the modulation

methods used should be sufficiently fast. Other properties desirable in

modulators at these wavelengths are small power requirements and simple

operation. Also, small size and low weight become desirable where space

•applications are concerned.

6.2 INTERNAL MODULATIONMETHODS

Both frequency and amplitude modulation of rectilinear beam

interaction devices* (klystrons, laddertrons, O-type carcinotrons), and

* These devices employ straight electron beams.

used purely for beam Confinement.
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some crossed field devices such as the M-type carcinotron, are possible.

In reflex klystrons, modulation is normally obtained by variation of the

reflector voltage. 0-type carclnotrons can be tuned over a frequency

range of approximately 7_ of the _enter frequency by varying the _eam

voltage. The laddertron, which is a tunable single cavity multigap

klystron, has features that enable frequency modulation with the control

electrode voltage. Typically, modulation sensitivities of 0.2 MHz/V t_

Oo4MHz/V,respectively, are attainable by varying either the resonator

voltage alone or the control electrode voltage.

The limitation of internal modulation techniques is the inability

to perform frequency modulation without also affecting the output power.

This can be overcome by the use of equalizers and complex feedback

techniques.

6.3 EXTERNAL MODD_LATION

_ne operation of these modulators is based on one of the follow-

ing effects:

1. change in the absorption properties of a semiconductor

2@ diode switching

3. Faraday effect

4. electromechanlcal displacement

in the following sections a survey of these methods, their

properties and potential_ is presented.

6o3.1 Free Carrier Absorption Modulators

_'_ephenomenon of free carrier absorption of radiation in semi-

conductors has been studied by a number of workers. 1'2 The absorption in

- 176 -
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the submillimeter wavelength range can be attributed to the interaction

2
of the incident radiation with the free carriers in the semiconductor.

This effect has been utilized in infrared modulators 3 by injecting

carriers into an n-type germanium bar through which the infrared beam is

transmitted. The frequency response of this type of modulator is deter-

mined by the lifetime of the injected (minority) carriers. Typically,

n-type germanium with a minority carrier lifetime of a few microseconds

is used for this type of modulator. Hence, the modulation rate is

restricted to frequencies less than one magahertz.

Amplitude modulation of infrared and submillimeter wave radiation

using free carrier absorption in either forward or backward biased p-n

junction diodes has been the subject of numerous recent articles. 3-8

Forward biased junctions do not have a very wide frequency response and

require large driving powers. The backward biased version of this modu-

lator, proposed by Renton 6, seems to be potentially capable of overcoming

these limitation. 7 At the present time, insertion loss and harmonic

distortion seem to limit the modulation index of this modulator to low

values.

In the absorption type modulators described above, the phenomenon

of minority carrier injection into semiconductors or p-n junctions is

utilized. The converse effect of carrier extractio 9 can also serve as

the basis of similar modulators.

A novel modulator that employs both of these phenomena has been

l0
described by Gunn and Hogarth. The combination effect employed is

referred to as "magnetic rectification." Here, the number of free
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carriers in a thin rectangular slab of long lifetime germanium is varied

by driving them to surfaces of either high (surface treated by abrasion)

or low (etched surface) surface recombination velocity. An external

magnetic field is applied parallel to these surfaces and current is

passed through ohmic contacts on the narrow sides of the slab. The entire

structure is placed in a waveguide as shown in Fig. 6.1_ r!_meslab

is normally introduced in the waveguide at an angle _ _ 30 ° to reduce

reflections. Attenuation changes as large as 15 dB are attainable with

n-type, 40 ohm-cm, 0.006 inch thick germanium. _e response time was also

of the order of a few microseconds.

The effect of high electric fields on the absorption of n-type

germanium at millimeter wavelengths (8 millimeter) observed by Arthur,

et al II can serve as a basis for a pulse modulator with a theoretical rise

-12
time of the order of I0 sec. The effect is due to the saturation of

electron drift velocity in germanium in the presence of high electric

fields as low as I0 V/cm. A typical modulator arrangement utilizing this

effect would consist of a thin slab of germanium of suitable resistivity

t_roug_ slots cut in(_ 5 ohm-cm) inserted longitudinally in a waveguide _

the center of the upper and lower walls. The variation of attenuation

with applied electric field is not linear; therefore, this effect is

most applicable in pulse modulation.

A significant result of Arthur's work is that the change in

attenuation in dB caused by electric fields less than 500 V/cm is pro-

portional to the observed signal amplitude. The fast time constant of
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Figure 6.1 Magnetic Rectifier Modulator
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this effect, added to its simplicity and low power consumption, recommendB

further investigation of its applicability to shorter millimeter wave-

lengths.

Another absorption type modulator developed is the P-!-N modulator.

The main part of this modulator consists of a P-I-N germaniumstructure

introduced into a waveguide in such a fashion that the heavily doped p

amdn regions are outside the guide, the intrinsic part of the structure

alone being exposed to t_e field in the waveguide. This part behaves as

a nearly insulating dielectric. -__ena forward voltage is applied to

contacts on the n and p regions, electrons and holes are injected into

the intrinsic region where they absorb microwave power, thus causing an

attenuation of the power transmitted downthe waveguide. Absorption
12

variation of iI dB was reported with a variation of 15 mAin the dc

current flowing through the structure. The maximumpower consumption

was of the order of iO mWo _e insertion loss of this modulator is of the

order of a few dB. The maximummodulation frequency applied between the

contacts is determined by the average lifetime of an electron-hole pair

in the intrinsic region. _te response of the modulator is practically

independent of modulation frequency only up to _ kHz and drops by 3 dB at

50 kHz.

At the cost of higher insertion loss the length of the active

region of the modulator can be made longer. This enables, for example,

modulation of the response of the entire bandwidth of a 70 GHz klystron.

The device was successfully used also at 120 GHz.
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It has also been sho_a I_14'I_ that modulatbrs using two or more

P'I-N diodes properly spaced as shunt elements along the gap of a ridged

waveguide can provide broa4band operation up to a carrier frequency of

18 CHz.

16
Experimental investigations of the feasibility of extending the

operation of these modulators to _0 GHz shows that this can be accom-

plished by reducing the dimensions of the diodes and using encapsulated

versions in a ridged waveguide arrangement. A minimum on/off ratio o_

l0 dB with an insertion loss less than 2 dB can be obtained over a 1.9

to I band of frequencies, 26-40 GHz.

This P-I-N modulator has advantages similar to the •point contact

diode modulator, (discussed next), i.e._it is a small device with emall

power consumption. It, furthermore, has the advantage of not requiring

an isolator or a circulator as in the case of the •point contact diode

modulator because its operation depends on the change in absorption

rather than in reflection. The P-I-N modulator has the dimadvant_e of

a relatively slow response.

6.3.2 The Point Contact Diode Modulator

Microwave switching techniques using semiconductors have been

discussed and investigated by a number of Workers.24"27 Successful

operation of a germanium point Contact diode modulator operating at •

39 GHz was reported by Cave, et al. 17 in 1999. The principle of opera-

tion of this device is its capacitance variation wit_ bias. Low

resistivity n-type germanium (i-I0 ohm'ca) was used. By placing the

diode in a waveguide section and applying an appropriate bias, the diode
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can be made to represent either a low or high impedance, thereby re-

flecting the incident power. These diodes have the advantages of with-

standing overloading without damage and can typically modulate several

hundred milliwatts of carrier power with a response time of less than

-9
3 × lO sec. Waveguide pulse modulators incorporating this diode

have a typical insertion loss of 2 dB. There is no reason why such a

modulator could not be made to perform an equivalent task at wavelengths

shorter than 8 millimeters.

6.3.3 Ferrite Mo@alators

The magnetic properties of ferrites are essentially identical to

those of ferromagnetic metals. 18 Their resistivities, however, are

extremely high (lO 6 to lO8 ohm-cm compared to lO -5 for iron). Due to

this unique property microwaves can easily penetrate a substantial

length of ferrite. Consequently, strong interaction occurs between the

wave and the spinning electrons which are responsible for the n_gnetic

properties of the ferrite. As a result of this i_eraction a non-recip-

rocal effect known as Faraday rotation is manifested° k_is effect has

been utilized in the construction of microwave phase shifters, isola-

tors, and amplitude modulators. Ferrite modulators are usually capable

of handling larger powers than_ for example, crystal diode modulators.

The signal frequency is normally applied to a magnetizing coil surround-

ing a ferrite rod placed normally in a circular waveguide section with

transitions to rectangular waveguide on both ends. The Faraday effect
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consists of the rotation of the plane of the polarization experienced

by a linearly polarized carrier wave incident on one edge of the rod.

The angle of rotation _ depends on a longitudinal magnetizing field

supplied by the modulating signal.

Faraday modulators operating at x-band were designed and con_

structed by Morris 19 who achieved a first-order sideband conversion

efficiency of the order of 15 to 20 dB for modulating frequencies in the

lower end of the m_gacycle spectrum (_ lO MHz). The insertion loss was

of the order of 0.5 dB. Usual x-band ferrite materials were found to be

unsatisfactory due to overheating. Nickel ferrite compositions with

excess magnesia and magnesium-manganese ferrite R-I were used to over-

come this problem.

Broadband absorption type ferrite modulators for high speed

switching and amplitude modulation have been constructed for the higher

20
microwave frequencies. These absorption type amplitude modulators

use a longitudinally magnetized ferrite rod split along its length and

centrally located inside a standard rectangular waveguide. A thin

resistive film inserted in the ferrite slot, which is aligned perpen-

dicular •o _h_,Input RF electric field, is used to attenuate the per-

pendicular mode generated in the wavegulde. The degree of absorption

is controlled by the magnitude of the magnetizing field. Modulation

with frequencies up to lO0 kHz and switching times of less than

l_sec, were obtained at x-band. The insertion loss is small, of the

order of 0.9 dB.
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Eventual development of Faraday modulators in the millimeter and

submillimeter wavelengths, where the available bandwidths are in the

megacycle range, depends upon finding suitable ferrite materials that

could handle modulation frequencies of that order without appreciable

overheating. Hexagonal crystal materials such as cobalt-barium, magne-

21
slum-barium, and nickel ferrites, described by Jonker, et al., exhibit

low losses and should be suitable for signal frequencies in the 100 GHz

range. Their practicality, however, is yet to be investigated.

The hi_ power requirements and the bulkiness of ferrite modu-

lators, together with their limited modulation frequency capability,

somewhat curtail their extension to millimeter and submillimeter wave-

lengths.

6.3.4 Electromechanical Modulator

Electrically controlled mechanical displacements are of interest

for certain microwave and millimeter-wave devices. In ferroceramic

materials such as solid solutions of barium zirconate and barium

stannate in barium titanate, small electrical displacements can be

produced by either electrostriction or the reverse piezoelectric effect.

A change in linear dimension of 0.054 can be obtained in these materials

by application of fields up to l0 kV/cm. 22 The magnitude of the defor-

mation is proportional to the square of the applied electric field and

the direction of expansion is in the direction of the field. Electri-

cally controlled slot attenuators using a plate of ferroceramic material

fitted in a waveguide, such that a small air gap is left between the

- 184-
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upper guide wall and the upper edge of the plate, have been constructed

using this principle. One can envision a similar arrangement of such an

element for the purpose of amplitude modulation of a millimeter-wave CW

signal •

The small and accurately controlled displacements are consistent

with the small size waveguides at such wavelengtha.

Amplitude modulators employing this phenomenon have been con-

structed and tested at f = 9._ GEz. 23 Modulation factors of 50 to 60%

were achieved. The disadvantage of the required high voltages can be

overcome by using a number of electrodes embedded in the ferroceramic

slab. The modulator is simple in desigr., and its power consumption is

very small since the slab is a capacitive load. Time constants of the

order of lO"6 sec allowing modulation with frequencies up to lO6 cps

are apparently attainable.

6._ CONCLUSIOES AND RECOMM_N_DATIONS

The survey of the current state of the art of millimeter and sub-

millimeter wave modulation indicates that:

1. The field of modulation is open for developments which could

be accomplished by either extension of microwave or optical techniques

(see "Selected References" at end of chapter) to this frequency range,

or by development of new methods specifically suitable for millimeter

and submilllmeter wavelengths, such as modulators that utilize rotational

interaction between radiation at those wavelengths and matter. Both of

these courses are strongly dependent on finding materiels with suitable

properties. Specifically, the following are recommended:
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a) The principle involved in the dependence of millimeter

wave absorption coefficient in germanium on the externally applied elec-

tric field II should be used in the construction of pulse modulators

theoretically capable of providing response times of the order of i0

sec. The power requirements of these mQdulators should be modest.

b) Small electrically controlled mechanical displacements

possible in barium zirconate and barium titanate should enable amplitude

modulation at millimeter and submillimeter wavelengths. The small ac-

curately controlled displacements possible are consistent with waveguide

dimensions at these wavelengths. Time constants of the order of 10.6

sec. are predicted. 23 The small power requirements and compactnes6 of

such modulators make their development attractive.

c) The utilization of the well known Faraday rotation effect

in ferrites in the construction of short millimeter wavelengt_ and sub-

millimeter wavelength modulators is mainly a materials problem. It is

worthwhile to investigate the potential of material such as those

identified by Jonker et al_ I for modulation frequencies up to i00 MHz.

2. All the external modulation methods discussad are suitable

for pulse or amplitude modula_$on. Very little woTk on other types of

external modulation has been uncovered. Some work on phase modulation

of a 70GHz carri_fAusinga_e_erse_hi_sed GaAs point-contact varactor is

being conducted by Harrisen et al 28 who achieved a phase shift of an

- 186 -

I

I
I

I
I

I

I
!

I

I

i
I

I

I

I

I

I



le
i
i
i

i

i

i
I
i

i
i

i
i

I

i
i

i
i

excess of I00 ° with no appreciable amplitude variation. These phase

modulators exhibit a high insertion loss of about l0 dB. Attempts to

28
reduce this insertion loss are underway. In view of the scarcity of

frequency and phase modulation techz_iques, it seems that basic investiga-

tion of this area is quite urgent.
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C_aapter VII

TRANSMISSION LINES AND COMPONENTS

7.0 INTRODUCTION

In this section we discuss the problems and state of the art of

millimeter/submillimeter wave transmission lines and components. This

topic is important because any system utilizing signals of these wave_ !

lengths will require at least some parts of the system to be built of such

"hardware°" A number of excellent survey articles exist, and it is not

the intent to duplicate what appears "-il__ them x'='*'J'v' but rather to

supplement them with additional information.

As the size of waveguides is reduced as one goes higher in

frequency, one may expect increasing attenuations° In addition there is

a demand for tighter and tighter tolerances as the dimensions arereduced.

Consequently, departure from the corc_entional rectangalar waveguide is

indicated, but this introduces many new proble_ of components, excita-

tion_ etco One approach is to utilize optical tec_niques_ and this di-

chotomy of viewpoint is reflected in n_merous places in this report° A

recent article by Karbowiak 3 studies the optical waveguide, and many of

the comments therein may find application in the present frequency range

of interest° Figure 7,1 from that reference shows a comparison of range

of applicability of various type _aveguides throughout the spectrum°
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7.1 OBJECTIVES _ND REQUIREMENTS

7.1.i Attenuation 1,2

Ideally for transmission of electromagnetic energy one would like

to achieve zero attenuation per unit length. Unfortunately, this cannot

be realized anywhere in the spectrum though very low attenuation values

can be obtained in the conventional microwave range. While values of less

than 1 dB per lO0 feet (0.0328 dB/meter) would be desirable--as is obtain-

able at S-or C-band--attenuation of the order of several dB per hundred

feet would be a sigz_ificant improvement over what can presently be

achieved with the hollow metallic waveguide in the millimeter and sub-

millimeter region.

In general, with increasir_ frequency the attenuation increases

very rapidly, due to the increasing importance of surface finish when

imperfections are an appreciable part of a wavelength° Imperfect sur-

faces can make the effective conductivity of the metallic surface marj

times less than its theoretical value. In addition, both surface and

cross-section variations affect the propagation constant and consequently

the impedance m_tch at any point. Thus, considerable attenuation can

occur due to reflection loss.

7-1.2 Impedance

In microwave systems impedance is significant _hen discussing

matching, power transfer, breakdown, and attenuation° It is obvious

that a matched system is one in which the impedances of two contiguous

elements are matched in an appropriate way. Such a system e_hibits zero
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reflection coefficient (unity VSWR). Under the matched condition the

power transfer is a maximum. Generally speaking, high impedance systems*

(in terms of voltage/current) have lower attenuation losses due to con-

ductor dissipation than low impedance systems.

In conventional rectangular waveguides the transverse wave

impedance for the dominant mode is a function of frequency and of the

order of _00 Ohms. Since the attenuation of conventional waveguides

becomes very high indeed at very short wavelengths, it would seem that

this could be counteracted by increasing the impedance. Unfortunately

this method has its limitations, for as the waveguide dimensions are

changed to alter the impedance, so also is the mode separation. A point

is reached where the dominant mode is no longer the TEIo, but perhaps the

TEo1. At any rate the possibility of degenerate modes or multiple modes

exists when the dimensions are changed significantly away from the

standard 2 × I ratio in conventional use.

It might be stated more generally that a waveguiding system for

the millimeter and submillimeter regions needs to have impedance charac-

teristics compatible with the components and generators with which it is

to work.

It is noted that the term "_mpedance" in waveguide systems can be a

source of great confusion. It is possible to change the effective

terminal or circuit impedance of a waveguidewithout affecting its

transverse wave impedance.
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7.1.3 Mechanical Re%uirements

Waveguiding systems must have the capability of transmitting both •

from point to point and around obstacles with minimum loss and mismatch.

Consequently, an ideal gaiding system should either be flexible or else be

utilizable with twists, bends, and other components to accomplish the

desired purpose.

The quality of a bend or twist in conventional waveguides is fre-

quently specified by stating the VHWR that results when that component is

inserted between a perfectly matched load and a slotted section. Residual

VSWR's of the order of I.I in the millimeter region are considered to be

typical. In the lover microwave frequencies a corresponding typical

value might be 1.01.

The use of one of the various types of flexible waveguide also is

an approach to the mechanical problem. At the lower microwave frequencies

the residual VSWR in these is of the order of 1.O5 or so, but as the

frequency is raised it becomes more and more difficult to maintain a

matched system and, in addition, the attenuation goes up very rapidly.

7.i.4 Power Levels and Voltage Breakdown

In waveguide systems the breakdown of the waveguide norm_lly

limits the power handling capability. In hollow waveguide used in high

power radar applications, either complete evacuation or else operation

with pressurized dry gas is preferable to operation with a normal atmos-

phere. Without some such precaution the breakdown becomes dependent upon

the relative humidity and the barometric pressures The dielectrically
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loaded waveguide is also used to reduce the breakdown likelihood which

lowers the impedance and simultaneously substitutes a medium of greater

dielectric strength for air.

Whether or not breakdown will be a limiting factor in the sub-

millimeter region depends upon the techniques ultimately utilized for

transmission. While present generated power levels above 300 GHz are

very small, it is noted that appropriate dimensions for conventional rec-

tangular waveguides in this range are also minute. The power handling

capacity of air-filled conventional waveguides varies greatly, but for all

sizes the allowable power density is nearly a constant [average allowable

power density PDa = .65 to .7 megawatts/sq, in. (10,07 10.84 megawatts/sq.

meter_. By evacuating or pressurizing with a suitable gas, the allowa-

ble power density will be changed. In the former situation the allowable

power density will first decrease drastically as the pressure is reduced

until a mini1_m occurs of PD _ .03 in the region of 2-5 Torr pressure.
a

With further reduction of pressure the breakdown potential and hence

allowable power density rises sharply.

With other types of waveguides, such as will be described in the

forthcoming sections, other power handling and breakdown conditions will

prevail. Very little work has been done on this subject for other than

rectangular, circular, and ridged waveguides.

7.1.5 Mechanical Tolerances

All hollow waveguide systems operating in a single mode are highly

dependent upon holding fixed dimensions. It has been already pointed

out that in the region of very short wavelengths surface imperfections
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become an appreciable fraction of a wavelength and cause difficulties.

In a similar way the tolerances on mechanical dimensions in general

become very critical at the higher frequencies o Even at X-band a

mechanical tolerance of O.001 inch (2°54 × lO -5 meters) is usual; at

lO0 GHz and above, tolerances of the order of O°O001 inch (2.54 x lO -6

meters) to 0.00005 inch (1.27 × lO -6 meters) are obtainable.

7.2 C gABAJTERISTICS OF V-ARIOUS TRANSM_ISSION S_MB

7.2.1 i_lollow Metallic Wave_uides

Meta]iic waveguides can be used in a number of ways for the

transmission of microwave energy: single mode ;ropagation in re z_tangular

or cir_:ular waveguides_ 8m_d multimode propagation in re _tangaiar or

circular wavegaides. YT_ere exist other possibilities mainly of a_ademiz

interest only.

7- 2.1.1 Rectangalar Wave,aides in the Dominant Mode

Transmission in rectangular waveguides [-_,asrea:_hed a high stage

of development° Commercially available waveguides span the range from

6
'_9_ to 3H5 GHz. Table 7-i, adapted from Harvey, shows the principal

chara::teristi:s for reference purposes° Dnfortunately, _he extension cf

these tec_miq_es to still hig_her frequencies is virtually impossible°

Not only is t?±e attenuation expected to be inordinately hig_h, but re-

quired tolerance also makes the fabrication extremely difficult.

Figare 7.2 shows the familiar plot of attenuation vs frequenc:y

for common varieties of rectangular waveguide operating in the dominant

_Elo mode. _T___eincreasing attenuation with small size is clearly shown°
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TABLE 7.I

Technical Data for Standard Rectangular Guides

I

I

Attenu- Power I

ation_ rating,

_B/IOO ft kW I
i !

0.0334 i15, o0o I
0.0438 85,000

o;o614 45,ooo i
O. 0807 33,000

0.120 21,500

o. 154 14,800

0.222 9,300
mm

0.286 6,500

0.450 4,200 I0.555 2,800
0°750 2,000

1.o47 1,200 I1.259 900

io 700 620 :

2.338 420 |3.24 250

3-92 205 ,
5.21 145

7.00 95 II0.9 52

43-

17.3 28 I

31.3

44.7 I59-7
80.7 3.8 5

113 2.3 i..
194 1.5 I
225 o.9o " II
;286 0.65 "

405 o. _e |
mw t_

1"5 fc I

!

_il

Type

(typical) +

Ameri-

British can

R.CoS.C.E.I.A.

type type

WG i WR 1800

Inside

dimensions,

RG-202/U

 0-2o3/u
RG-204/U

RG-2OS/U

RG-69/U

RG-I12/U

RO-48/U

Ra- /U

RG-50/U

RG-SZ/U
RG-52/U ,

RG-91/U

RG-53/U

Ra-96/u
RG-97/U

RG'98/U

RG-99/U

 G-138/ 
 a-136/u
RG-135/U

RG-137/U
RG-I39/U

WG2

wo3
w_4

WG5
WG6

WG 7

w_8

WG 9A
WG i0

WG iL_

WG 12

WG 13
wo 14

wa 15
WG 16

WG 17

WG 18

WO 19
WG 20

WG 21

WG 22

w_ 23
WG 24

wG 25
WC 26

WG 27

wc. 28

wc-29

wG 3o

NO- 31

_G 32

WE 150o
WR 1150

WR 975

WE 770

WE 650

WR 510

wR 430

wE 34o
WE 284

WE 229

WE 187

WE 159

WR 137

WR 112

WR 9O

WR 75
FR 62

WE 51

WR 34
WR 28

gR 22

WE 19

WE 15
WR12

WR I0

WE 8

_R 5

18.000

15,000

11.500

9.750
7.700

6.500

5. lOO

4.300

3.400
.84o

2:.290

1.872

1.59o

1.372

i. 122

0.900

o.750
0o 622

0.510

0°420

0.340

0.280

0 °224

o. ]_88
o. z_-_

0 o122

O. 100
0 o0800

o °o650

o.o51o

ooo  3o
o.0340

Depth

9 •000

7.500
5.75o

4.875

3.850

3.25o

2.550

2.150

I. 70O

1.34o

i. 145

0.872

0.795
0 o622

0.497

o.4OO

0.375

Oo311

o.255

0 o170

O. 170

o.14o

0o112

o.o9_
0°074

o_o61

0.050
o.0400

0o0325

O o0255

:o. 0215
Go 0170

TEOI

cut-of@
GHz

0.327

0.393

O.517

O.605

0.769

0.908

Z.154

1.375

1.737
2.o8o

2.579

3.155

3.71o

4.289

5.260

6.56

7.87

9.49

1!.57
14.o8
17.37

21. I0

26.35

31.4

39-9

h8o4

59 oo
73 _8

90.9

115.8

137.5

173o 3

Operating

range
GHz

0.41-0o61

o.51-o.75

o.61-o.,96
0.75-1.12

o.96-1.45

1.12-1.70

1.45-2.20

1.70-2-60

2.20-3.30

2 .oo-3.95

3.30-4.90

3.95-5-85

4.90-7.05

5.85-8.20

7.05-10.0
8.2o-12.4

11o.0-15.0
12o4-18.o

115.0-22.0

18.o-26.5
_2.0-33.o
_26.5- 40.0

53.o-5o.o
40.0-60.0

50.0-75°0

60o0-90.0

75-0-ii0

9o.o-14o
ii0-170

140-220

170-260

220-325

The power ratings are calculated at 1.5 fc and assume a breakdown field of 30 kV/cm with

a power safety factor of four; for any other frequency the values quoted must be
2 }1/2

multiplied by 1.34 _l-fc/f) _ . The attenuation coefficients are calculated at

for pure copper; for" any other" frequency the values should be multipled by

O.421((f/fc)2 + I)(f/fc)-I/2 _(f/fc)2-i}-I/2 Further correction is required for

other materials and for surface roughness.

* From Harvey, A.F., Microwave Engineering, Academic Press, New York_ 1963.

+ Military type numbers vary according to conductor material.
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Figure 7.2 Attenuationvs Frequency for Standard Rectangular

Wavegulde Demonstrating the Expected Improvement

of OvermodedOperation
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7.2.1.2 Overmoded Rectangular Waveguide 7-II

Recent work at Airborne Instrument Laboratories has shown the

suitability of using rectangular waveguides in the TEIo mode but in a

condition far above cutoff. If precautions are taken in exciting such

a system, the TEIo mode alone may be launched. Then, because of the

fact that the guide is very large compared to what would normally be

used, the wall current density is reduced and hence the attenuation. :s

a matter of fact, in its central region the waveguide behaves nearly as

a region of free space and the TEIo mode is almost like a TEMwave in

field configuration and velocity. Ray optics may then conveniently be

applied in the design of components.

i It is reasonable to utilize a waveguide I0 times oversize for

this type of operation. One can see from Fig. 7.2 that the attenuation

at i0 times the normal frequency has not increased unreasonably.

This general statement holds for all rectangular waveguide

sizes, since the shapes of their attenuation characteristics are similar.

The AIL ir_¢estigators feel that the real potential of such

oversize waveguides, however, lies in its applicability for design of

various millimeter wave components such as filters, hybrids, directional

couplers, etc. While their work has been confined to 330 GHz and below,

there is no fundamental reason why the technique should not be usable

somewhat higher in frequency. The frequency limit will be dictated by

the increasing attenuation even of the overmoded waveguide and by the

required mechanical tolerances.
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7.2.1.3 R0_nd waveguide 12"16

Certain modes in round waveguide have less attenuation than the

TElomOde in the rectangular waveguide as can be seen in Fig. 7.3 The

TE circular waveguide mode is particularly attractive since it shows
01

the characteristic of eontinuously deereasing attenuation with increasir_

frequency. This has been the subject of considerable investigation as a

possibility for long distance waveguide transmission. The drawback is

evident also in Fig. 7.3 where it can be seen that other modes can exist

in the same frequency range as does the TEoI mode. One could argue that

the low attenuation of the desired modes with respect to the others should

make possible the transmission at the desired one only since it is __uown

that the condition Of least attenuation leads to a mode-stable condition.

Unfortu_uately, imperfections in the waveguide, especially over long dis-

tances, will lead to local generation of the unwanted modes which will

then be dissipated in wall losses. This means that the net attenuation

of the desired mode will be higher than indicated and will not con-

tinuously decrease wit_ frequency. Indeed, •this continuous mode conver-

sion loss due to imperfections will become increasir_lybad as the fre-

quency is raised, because all such imperfections will then be appreciable

in terms of a waveler_th.
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Figure 7.3 Comparison of Attenuation in 2" x I"

Rectangular Waveguide with! that of 2" dia.

Circular Waveguide. Material - copper.
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The low attenuation of circular modes exhibited in Fig. 7-3 is

raised substantially as the frequency is increased, particularly if the

pipe diameter is also reduced in order to control the number of modes.

Table 7.II shows some attenuation values extracted from a paper by

4
Bertan.

Table 7. II

Attenuation of millimeter waveguide, f = 140 - 220 GHz

TEl0 in RG-135/U waveguide
of inside dimension .0510 X .0255 inches

TE01 in circular waveguide of .156 inches dia.
(.00396 meter)

TEll in circular waveguide of .141 inches dia.
(.00258 meters)

I

To enhance the support of the TE mode only, a lossy lining
Ol

(e.g. polypropylene film) is frequently added to the circular guide. The

effect of this procedure is to reduce mode conversion by imperfections,

which in turn reduces the attenuation. By this means the effects of un-

wanted bends and sag are minimized and the need for additional mode

filters is eliminated. Table 7-III shows a comparison, given by Unger, 12

of the mode attenuation for three types of comparable waveguide at 55-5

GHz. It can be seen that the lined waveguide has a substantial amount of

unwanted-mode attenuation compared to the hollow copper waveguide, though

this attenuation is not as low as in the helical waveguide discussed in

the next section.

= 317-201 dB/100'
flr_ ),_ _ ,_-DI__,
\ .t-_,. -r --'.... ,.J ___l_._l

c_ = 19.8-8.4 dB/100'

(.65-275 &B/M)

= 22.l-23.8 &B/ZOO'
¢725-.78_IM)
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TEll

TMll

TEl2

Table 7-111

Mode Attenuation for _iree Types of Waveguide

Copper Pipe

with lossy

lining

¢ = 2 - jl
r

= .4ol_/ft.
(l.3e_A)

- .95 dB/ft.

= .0359 dB/ft.

(.ll8_/_)

Cepper Pipe

- .oo72 as/ft.
(.oe36 _m/_)

= .ol72 _/ft.
(.o_64 _/m)

= .0012 dB/ft.

(.00394 dB/m)

Helix Waveguide

C_ : 1.13 dB/ft.

(3.7_/m)

- ll.3_/ft.
(3.7_/m)

O_ = 1.13 dB/ft.

(3.7 dB/_m)

Figure 7.4 shows the effect of changing the size of the pipe

diameter for a circular waveguide. With a reasonable sized pipe, lined

to prevent unwanted modes, very low values of attenuation can be secured

in the millimeter-wave region. Barlow 14 has reported 2.5-3 dB of atten-

uation over a 300 foot (91o 5 meters) run at 28-40 GHz. Conklin I_ has

reported similar results in the 50-60 GHz range. It is expected that

reasonable values of attenuation can be secured at higher frequency

also.

Considerable progress has been made at various laboratories

towards solving the problem of bends. By utilizing a carefully-engin-

eered corrugated section of somewhat reduced cross-sectional diameter,

Barlow 14 has achieved transmission around bends with negligible phase

distortion and mode conversion at 28-40 GHz.
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Components in the usual sense, such as directional couplers,

filters, etc. are not generally available for this waveguide, but it is

felt by some investigators that they can be developed if and when needed.

Using a circular waveguide in the TEoI mode above 300 GHz poses

an interesting possibility. If size is not reduced, then a number of

other TEon modes can exist besides the TEoI" The use of a lossy lining

.
will discriminate against these. The extent of this discrimination must

be carefully evaluated, as well as practical tolerances with which the

dielectric coating can be applied.

7.2.2 Helical Waveguide 17-26

"Helical waveguide" refers to a structure consisting of a tightly

wound wire helix combined with a lossy dielectric medium all mounted

within a rigid conducting pipe, as shown in Fig. 7.5. The helix is made

of Formex insulated wire. There is thus no longitudinal conductivity to

support modes that demand it. A slightly perturbed TEoI mode, however,

can propagate with no difficulty. The lossy layers tend to absorb any

energy that escapes the central propagating region through imperfections

in the helix. Such a waveguide has been carried to a high stage of

development both here (Bell Telephone Laboratories) and in Great Britain

(Marconi). It has been tested extensively in the 50-120 GHz region, and

an attenuation as low as 2 to 2-1/2 dB/mile (1.24 - 1.55 dB/km) has been

achieved experimentally. Some investigators feel that the helix trans-

mission line is ready for application to long distance transmission in

Private communication with H. M. Barlow
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this frequency region as soon as there is sufficient demand. The comments

previously made with respect to auxiliary components for circular wave-

guides certainly also apply here. Thus, it is felt that more research

will be needed when such components are required.

Since the mode of transmission in both lined circular and helical

waveguide is TE01, it might be expected that the respective performances

would be very close. It is noted, however, that in the preceding section,

an attenuation of 2. 5 to 3 aB per 300 feet at 28 to 40 GHz was reported

for Barlow's circular waveguide; whereas in the previous paragraph

2 to 2-i/2 dB per mile at 50 to 120 GHz was reported for the Bell Tele-

phone helix waveguide° This apparent wide discrepancy may come about

because of factors not reported in the references. Thus, it is to be

expected from theory that a lossy-lined circular waveguide will be con-

siderably better than indicated here, but probably never as good as the

helix waveguide. The reason for this latter statement is as follows.

In the lined circular waveguide the dissipative region is common to all

modes. Though the amount of electric field of the TE01 mode that pene-

trates this region is small, nevertheless it is finite, and some dissipa-

tion will occur. In the helical waveguide, to the contrary, the TE01

mode is unaffected by the outer layer of dissipative dielectric since it

occurs beyond the effective guide boundary (the helix). Hence, the TE01

mode virtually has no loss mechanism present.
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Helical waveguides can be scaled upward in frequency. The

various difficulties mentioned in the previous section with respect to

other TE modes are present here also. Reducing the size increases
on

the fabrication problems considerably, and it is expected that a limit

exists beyond which fabrication at still smaller diameters becomes

physically impossible. It is intuitively felt that due to the greater

complexity of the structure, this limit will be lower in frequency than a

corresponding limit for circular waveguides.

7.2.3 Dieler_tric Rods and _oes 27-29

Electromagnetic waves can also propagate along a cylinder of

low loss dielectric. Above 20 GHz such waveguides have attractive

features. Theoretical analysis reveals that for the lowest mode no

cutoff exists. At lower frequencies, however, most of the energy travels

on the outside of the dielectric cylinder, which allows the possibility of

sustaining absorption losses due to nearby objects and supports. As

the frequently is raised higher, more of the energy travels within the

dielectric. TE, TM, and h_rid modes exist, and the HEll mode in partic-

ular is attractive because of its low loss and ease of launching.

Fig. 7.6 shows the attenuation vs frequency for a two inch

(.0508m) diameter polystyrene rod waveguide. _nis size was picked in

order to compare its performance with that of previous figures. However,

such a comparison does not display the dielectric rod characteristics

favorably, for as the rod is made smaller, the losses decrease at a given

frequency. Furthermore, a two inch diameter rod is not only unrealistic
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from an attenuation viewpoint, but also from a manufacturing and cost

viewpoint as well. For rods whose diameter is a fraction of a wavelength

in diameter, attenuation of less than 1 dB/lO0 ft. (.0328 dB/m) can be

obtained in the millimeter wave region.

A drawback of the dielectric rod waveguide is the problem posed

by supports and bends. Since in all cases some of the energy propagates

outside of the dielectric, any support will provide a new boundary condi-

tion to be met which will result in either a reflection or absorption of

energy. Bends cause radiation of energy with attendant increase in

attenuation along the line.

The extension of the use of dielectric rods upwards in frequency

leads to the concept of fiber optics. Here, bundles of dielectric rods,

each many wavelergths in diameter, are used to transmit light with low

attenuation. However, the situation differs from the simple case des-

cribed above in that each fiber has a coating with a different refractive

index. Besides this, the fibers are so big as to support literally hun-

dreds of modes. The coating enhances the trapping of energy within each

fiber. This tecDmqique has been examined in great detail at Wheeler

Laboratories for use in the optical range, and an optimum combination of

dielectric constants for achieving single mode transmission has been

found. 54 Experimental verification of theoretical predictions has been

accomplished and component development and applications are under way in

bothcircular and rectangular cross-sectional geometry. Such techniques

should be applicable to submillimetric waves. The cladding has been

found to have a beneficial effect in reducing losses through radiation
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in bends, and it is possible that further work could substantially reduce

existing losses. A combination of these techniques would suggest the use

of a single dual dielectric rod or filament as a guide for submillimeter

wavelength energy. The choice of a suitable outer dielectric might well

reduce the tendency to radiate from sags and gradual bends.

7.2.4 Dielectric Coated Wires 30"32

The so-called surface wave transmission line has found some

application at lower frequencies such as V}_F and UHF as a transmission

medium of low attenuation and cost. It has a rising attenuation

characteristic with frequency and it also has the same drawbacks as the

dielectric rod waveguide mentioned above. Figure 7.7 shows a typical

characteristic. Generally, at millimeter and submillimeter wavelengths

it is not expected that this type of transmission would have much appli-

28
cation. Kikuchi and Yamashita performed experiments at 50 GHz which

seem to bear out this conclusion, although they carefully avoid any such

pronoun_cement.

7.2._ Dielectric Image Lines 33'34'35

If a dielectric cylinder is split and mounted on a good conduct-

ing base plate_ it can be regarded as a waveguiding system consisting

of the half-cylinder of dielectric plus its image operating in the

"dipole" mode. Such a line has been proposed to solve the support

problem associated with the dielectric rod waveguide. While the addi-

tional image plate introduces extra losses, the attractive features tend

to offset this. For one thing the launching problem is made simpler,

and the line is less sensitive to mode conversion. It has been shown
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also that it is _aite insensitive to changes of shape as well as twists

and bends. Consequently, some of the dimensional demands necessary for

other waveguiding systems can be relaxed here. These properties make the

dielectric image line attractive for millimeter and submillimeter wave-

lengths. _nile a great deal of developmental work has been done on this

line and components for it, it is not _uown whether any commercial or

military standards yet exist for it. It is believed that such a line

could be useful for some purposes in the 300-3000 GHz region.

7.2.6 H-Lines 36'37'38'39

The H-li_e consists of a dielectric slab sandwiched between two

conducting planes. It may be regarded either as a variant of the di-

electric image line or as a derivative of the dielectrically loaded

rectangular waveguide. In the latter a slab is usually placed in the

center of the waveguide in order to reduce the waveguide impedance and

correspondiugly the electric field, t_is lessening the tendency of

breakdown. If one imagines now that the walls are displaced to infinity,

an H guide results. Clearly, for sufficiently large dielectric constants

most of the energy will travel in the dielectric in preference to the

surrounding air. For any dielectric constant, however, some of the energy

still will propagate outside the dielectric region. The modes are hybrid

in nature, and the losses are largely dictated by the dielectric losses.

If low loss taz_gent material is used, the properties of this line are

similar to those of dielectric waveguide and dielectric image line.
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Figure 7.8 shows attenuation vs frequency for the H-guide. If

the curve for the lower loss tangent material is considered, it can be

seen that the resultant total attenuation is substantially below that of a

rectangular waveguide operating in the same frequency range. However, it

is noted that the attenuation changes markedly as the loss tangent goes

up.

The advantages of the H-line as compared with the other types

mentioned are that it can be integrated with a conventional rectangular

waveguide for purposes of excitation and transition and that it is

shielded on two sides instead of one. As in the case of the dielectric

image llne, it is relatively insensitive to variations of geometry and

cross section.

A research group at the University of Sheffield (England) has

been investigating what is called the laminated, or double-slab, H-line

in which two slabs are placed in close proximity between the parallel

metallic plates. This was originally reported by Tischer 39 who claimed

that multiple slabs should lead to even lower losses than the single slab

variety and, hence, lower attenuation. The group has been conducting a

theoretical analysis of the field distribution in the region between the

slabs. Major difficulties are encountered in practice in launching the

required waves. Extension to higher frequencies should be possible, but

is dependent upon the availability of suitable dielectrics.
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Figure 7.8 Theoretical Attenuation vs Frequency for

H-Guide with Comparisons to Some Standard

Rectangular Waveguides

(From: J.W.E. Griemsmann and L. Birenbaum: "A Low-Loss

H-Guide for Millimeter Waves," Proc. of Symp.

on MMWaves," P.I.B., New York 1959.)
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7.2_7 The Groove Waveguide 37'40

A variant of the H-line proposed by Tischer (see Fig. 7-9) is

the groove guide consisting of two parallel conducting plates distorted

by a groove. This construction confines more of the field to the groove

region with a lower loss due to reduced longitudinal currents. The

figure shows that very attractive attenuation values can be obtained.

Other members of this dielectric-metallic family exist with some-

41
what similar properties.

7.2.8 Beam Waveguides 49"-45

In the past several years the use of a series of lenses and/or

mirrors has been considered as a means of transmitting millimeter and

submillimeter energy from one point to another. The concept is to col-

limate or focus the energy with a suitable device, and then at a properly

chosen point refocus with another similar device. Thus metallic and di-

electric losses are avoided, and the only loss in an idealized system is

that associated with the fact that lO0_ of the energy can ne_er b_ cap-

tured by the second device (and succeeding devices). This statement must

be modified, however, when the energy passes through an atmosphere in

going from one collimating device to another. Atmospheric absorption

can be considerable in the optical, infrared, submillimeter, and milli-

meter regions of the spectrum. To avoid this problem the systemmay be

enclosed in a suitable chosen evacuated hollow tube, and a second outside

pipe can provide furl her support and thermal isolation. An experimental

optical system of this type, 1 km in length, exists at Fort Monmouth. A

loss of 1 dBhas been mentioned as the attenuation of the 1 km length,
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Figure 7.9 Approximate Attenuation Characteristic of

Groove Waveguide
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and half of this is estimated as occurring in the terminal transitions.

The drawback of the beam waveguide in this embodiment is that the lenses,

for proper operation, are expensive. Furthermore, if one contemplates the

use of beam waveguides at lower frequencies, such as at millimeter or

submillimeter wavelengths, the size of the required lenses, assuming that

they can be made at all, will be large. Karbowia_ states that at milli-

metric wavelengths lenses could be several cm in diameter for a lens

spacing of less than lO meters. Thus for long runs many lenses would be

needed and a pipe at least several inches in diameter (including a double

wall system for thermal isolation and strength) would be required. An

additional point is that no materials are transparent over the whole

spectrum. Mar4yof the common refractory materials suitable for lenses in

optical systems are unusable in the frequency range in question. Much

more materials research is needed to insure that suitable lenses can be

made.

To offset this, beam waveguides of the aperture type are under

investigation. In this variant the diffraction effect is obtained by

means of repeated apertures in the system. Theoretically the loss in

such a system can be as low as in the lens case. Practically, one must

evaluate the behavior of the aperture boundary material as compared with

the behavior of the lens material.

A third type of beam waveguide consists of a zig-zag beam path

bounding from confocal mirror to confocal mirror. Again the losses are

due to diffraction and dissipation. Work underway at the University of

Illinois is concerned with measurements made at the mirror surfaces.
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Bandscan be e_gineered for beamwaveguide without undue diffi-

culty, but require more frequent spacing of the diffraction devices with

the increased attendant loss.

Recent work at Bell Telephone laboratories has been concerned

with replacing the dielectric lens in an optical-beam waveguide with a

so-called gas lens. In this device cool, axially flowing gas enters a

region surrounded by a wall at a higher temperature. A temperature

gradient, and therefore a density gradient, is set up in the gas which

makes the index of refraction change in a determinable way. By proper

design, excellent focusing properties can be achieved, and the interface

problem, such as exists with dielectric lenses, can be eliminated. Cur-

rent work is comcernedwith two-gas lenses for further control of the

range of such lenses. While this work has been directed toward the

optical and infrared region of the spectrum, it should have application

in the submillimeter region as well. it is the feeling amonga number

of workers in the uLtramicrowave field that waveguide concepts should

be abamdonedat these extremely high frequencies in favor of optical

techniques. The dividing line in fre$1ency, where such a transition

should occur, is very ill-defined, however.

7.3 TRANSMISSIONLI_ ANDWAVEGD_DECOMPON_2=S

7.3.1 General Comments

Each of the waveguiding systems mentioned above has varying

degrees of adaptability to component design. It is not the intention
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here to go into detail about components suitable for each system. Rather

we shall discuss the general requirements and relate them to some specific

systems, where appropriate.

7.3°2 Mode Launchers

In all of the transmission systems discussed above (with the pos-

sible exception of optical fibers) mode purity is a requirement. This

may be accomplished by two means: (1) efficient mode launching, and

(2) mode suppression. In the former case, the objective is to convert

100% of the energy into the desired mode. In the latter case the objec-

tive is to compensate for the generation of unwanted modes by either a

poorly designed mode launcher or imperfections in the transmission system.

Theoretically, a suitably disposed array of electric and magnetic

dipoles can be used to generate any desired mode° At the lower frequen- "

eles, probes and loops are utilized to accomplish this. In normal wave-

guide practice suitable apertures are used to accomplish the same pur-

pose. In the submillimeter region such methods lose their effectiveness

because of the mechanical tolerances required.

Another approach is to use a tapered transition in which a mode

distribution in a conventional waveguide is distorted gradually to give

the field pattern required, Wide band high efficiency performance with

such mode transducers can be achieved, and the method has been used with

most of the transmission systems discussed.

A third method of mode launching is to provide a means for

directly coupling the energy out of the active region of the generating

device into the transmission medium° This is the technique used with
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klystrons, magnetrons, etc. The difficulty that occurs as the frequency

is raised is that the interaction region of the device becomes more con-

fined and difficult to reach with a suitable waveguide. Furthermore,

the "natural" mode pattern in the active region may not be the one

desired in the transmission medium.

In laser type devices this technique is realized by using a

Fabry-Perot resonator, which not only is necessary for lasing action,

but also provides a "window" for coupling. However, mode purity is

.
somewhat of a problem. Goubau reports that results on his beam wave-

guide for infrared were not as good as expected due to the lack of mode

purity.

While mode launching is an important part of any transmission

system, the difficulties of designing a suitable mode launcher for sub-

millimeter wavelength energy_ assuming it can be coupled out of a source,

are not as great as those of engineering other components.

7.3.3 Mode Suppressors

_?o types of mode suppressors are i_ use. _!_e first of these

makes use of the cutoff properties of some waveguideso Of those dis-

cussed above, the hollow metallic types have cutoff frequencies. Some

of the other types have cutoff frequencies for some modes, bu_ not for

others. Hence, the utilization of cutoff to suppress modes depends

greatly upon the particular system under consideration. Careful analysis

will usually reveal whether this property can be exploited.
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The second type of mode suppressor is dissipative, in which

suitable absorbing material is placed in the waveguide in such a way as

to severly attenuate some particular field distribution but not others.

The circular TEo1 waveguide is an example of the use of such mode sup-

pression.

Mode suppression is a problem common to all frequency ranges. In

the submillimeter region it becomes more difficult because of the small

physical dimensions.

7.3.4Tuners and Transformers

Impedance mismatches in wave transmission systems can be removed

by appropriate impedance transforming devices. In rectangular waveguides

these take the form of double stub tuners, slide screw tuners, E-H tuners,

quarterwave or multisection transformers, or tapered sections. These do

not all have their counterparts in other waveguide systems, at least at

this time. One of the reasons why so much can be done with the rectan_

gular guide system is that one is working with a medium in which only one

mode (the dominant one) propagates. Also, one has a convenient medium

in which to place movable plungers (contacting or non-contacting).

In waveguid_such as the dielectric rod, H-guide, etc., all

adjustable tuning operations comparable to tuning screws would probably

have to be accomplished on the outside of the dielectric medium. Since

only a fraction of the energy travels on the outside of the dielectric,

it is suspected that such devices would not be of great effectiveness,

except in producing loss. On the other hand there is no reason why

variable index of refraction materials, and variable cross-sections
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could not be used to achieve some degree of impedance transformation.

Also, the use of branch guides of fixed length is a possibility; however,

there are problems associated with joining such branches to the main line.

It is suspected that dielectric welding would have to be used to provide

an effective joint.

In the case of beam waveguides, impedance mismatches occur at

the various repeated collimating devices. Lenses can be coated or

grooved to provide effective matches at their surfaces. The gas lens is

well-matched because of a varying index of refraction. Suitable design

can reduce mismatch effects in aperture and confocal mirror types of

waveguides. Hence, it is not expected that other types of matching

devices, equivalent to stubs or tuners, would be needed with beam

waveguides.

7-3.5 Loads

_%e load problem in wave transmission is that of contriving a

means of dissipating all or part of the energy that is being transmitted

through the system. Loads are useful in providing a means for disposing

of power in the te_m_:g of generators, and in giving controlled condi-

tions of match or mismatch for the purpose of various tests. The

techniques used in rectangular waveguides can also be used with modifi-

cations in other waveguide systems. In rectangular waveguides a lossy

medium is inserted into the guide with a shape chosen to minimize the

reflection coefficient at any one point.
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If the dissipative region is long enough, nearly all of the

energy will be absorbed and a negligible amount will be reflected from

the end of the section.

In a similar way one might taper a dielectric rod, H-guide, or

dielectric image line into a lossy medium. Such a medium might only be

another dielectric with a significantly higher loss tangent.

In the case of helical and circular waveguides, loads also take

the form of tapered blocks of dissipative material placed in the region

in which the fields act.

Another technique for providing a load used by some investigators

of new transmission systems is that of radiating the energy of the system.

.
Hinden and Taub used the technique in their work with overmoded rectan-

gular waveguides. However, in most of the systems discussed, this

approach is more difficult because of the lack of knowledge about what

constitutes an efficient radiator. The problem is akin to that of mode

launching, except the transducing in this case is between the system and

free space.

In the beam waveguide at optical or infrared wavelength, suitable

loads still consist of suitable absorbing materials appropriately placed

in the beam.

In the submillimeter region the most difficult task in engineer-

ing suitable absorptive loads will be in knowing the properties of

I

I
I

I
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materials. In addition, the design of partially reflecting loads

(standard mismatches) will be a challenge in those transmission systems

that can support more than one mode because of the likelihood of mode

conversion taking place.

7.3.6 Attenl_tors

The design of an absorbimg attemuator is more difficult than that

of load desigm because it is necessary to provide two transition regions

(i.e., transitio_L into and tramsition out of the attenuating region). In

the microwave regiom this usually causes considerable frequency dependence.

In the submillimeter region this will continue to be a difficult design

problem. In addition, mode conversion will be a matter of serious concern

in systems which cam support several modes, as note_ in the last section.

Finally the matter of calibratiom of attenuators will not easily be re-

solved until other components and instrumemts are forthcoming.

In turmimg to optical techT_iques, by contrast, att@nuators can be

easily designed by using coupled prisms. In the work of Hinden and Taub

they showed that such tecL_niques can be applied in the millimeter wave-

length regior. Essentially, what is done is to provide a totally re-

flecting prism in a suitable waweguiding system. In the back region of

such a prism the fields are evanescent in nature. A second inverted

p_rought _p to the first one will mow couple energy from the eva-

nescent field amd make it available at greatly attenuated levels, to a

,_ 51
suitable waveguidi_:g system. Sc__ineller has worked out the details
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for making a variable attenuator for the optical region using this con-

cept. It would seem possible thus that the technique would be useful

in some waveguide systems in the submillimeter range.

7.3-7 Slotted Sections_ Impedance Meters_ and Directional Couplers

In order to determine mismatch in a conventional microwave system

a slotted section is employed. Generally these are ineffective in over-

moded or multimode systems. They are also impractical in systems involv-

ing solid media or structures in which coupling to the fields cannot

easily be accomplished with a probe or loop. Hence, conventional slotted

line measurements must probably be dispensed with at submillimeter wave-

lengths.

On the other hand, impedance match can also be measured with a

reflectometer. In essence this is a dual directional coupler in which

samples of the forward-traveling and backward-traveling waves are com-

pared. Directional couplers can be conceived for all of the transmission

systems described. In the structures having an external field, such as

dielectric rod waveguides, etc_, it is possible to directly couple a

second similar, and proximate, guide. This class of problem has been

fairly well studied theoretically, and practical results for some wave-

48,49,50
guide systems are available.

For most systems, however, directional couplers based upon beam

splitting millimeter wave "mirrors" should be possible. In this concept

the energy impinges upon an inclinedl partially transmitting plane

mirror. A fraction of the impinging energy is deflected off into a

suitable branch waveguide. Energy traveling in the opposite direction
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is deflected into a guide positioned 180 ° from this. By adjusting the

transmission coefficient of the mirror, the coupling factor can be

adjusted over wide ramges. Such techniques have been used by Hinden and

Taub and are known to workers in the laser field. It is likely, there-

fore, that this method would be of considerable utility in the submilli-

meter region.

7.3.8 Hybrid Structures

it would be expected, since the directional coupler is a form of

hybrid structure, that other types of hybrids would be possible in the

quasi-optical range. Certainly no difficulty is foreseen in most systems

with hybrids based on prisms or mirrors as discussed above. Hybrid rings

(rat races) are possible theoretically in systems allowing bends, but

since their behavior is very dependent upon differential path lengths,

the very short wavelemgths may make their realization impractical.

W_ether or not hybrids equivalent to magic tees exist in all of

the various wa_eguide systems desuribed is a matter for some further

study.

7-3.9 Resonamt Structures

All of the transmission media described can be made into reso-

nators. However, all are not equally useful or practical. In general,

resonators composed of an open-guiding structure between reflecting

plates will be subject to radiation unless the end plates are very large.

Higher Q can be secured theoretically from completely closed structures.

Low-loss modes must be chosen however. In the case of overmoded
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structures difficulty may be encountered because of mode conversion by

imperfections in the "shorted" ends, a tendency that increases with

increasing frequency. Micro-finishes and extremely accurate alignment

are needed to avoid this difficulty.

In the beam waveguide the resonator may take the form of par-

tially transmitting reflectors appropriately shaped to confine the

energy. The coating provides a means for excitation without mode

destruction.

7.3.10 Ferrite and Antiferrimag_et_c Devices

Suitable ferrite materials are needed for waveguide components,

for possible use as modulators, for amplifiers, and for providing reverse

isolation in traveling wave masers. The latter application for the

millimeter and submillimeter wave regions requires a resonance isolator

a very high saturation magnetization _n_ns > 5 kilogauss (kG_.which has

For instance, a 35 GHz maser incorporated a nickel zinc ferrite having a

magnetization of 5 kG at 4.2 ° K. This material's maximum saturation

magnetization 55 value of 7 kG is obtained with a concentration of

x = 0.3 in the chemical formula Ni I _ X ZnxFe204" Therefore, according

to the boundaries of Kittel's ferrite resor_ance curves 57 this ferrite

could be used for a higher frequency maser.

Among other ferrimagnetic materials which look promising are

barium ferrites. The large uniaxial anisotrophyand "built-in" biasing

field of 17 kG makes them suitable for building resonance isolators

for operation in the 50-70 GHz range. Planar anisotrophy obtained with
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2+ k+
a simultaneous Co Ir substitution in barium ferrite is expected to

give internal fields of the order of I00 kG. This will allow operation

above i00 GHz using a reasonably low applied magnetic field.

Some rare-earth iron garnets have a large value of spin angular

momentum wlsich leads to a large low temperature magnetization. These

materials with their room temperature and liquid helium temperature

values of magnetization are listed in Table 7.IV.

TABLE 7.rq

SA_j_RATIONMAGNP2iZATION ._(4_zms) OF RARE EARTH IRON GARNETS

Garnet 4_m
s

I
I

I
I
I

I

I

GdlG

Mixed GdEr

Mixed NdGd

_DIG

DyiG

HolG

ErlG

O

T = 4.2 Ko

> 7000 Gauss

6500 "

7500 "

7500 "

8000 "

68oo "

5800 _'

T = _00°K.

0 Gauss

800 "

500 "

200 "

300 "

800 "

i000 "

I

I

I

I

I
These materials should be irz_estigated for possible use in reverse

isolators in millimeter travelir_ wave masers and also for cryogenically

operated waveguide components (circulator, isolator, phase shifter). For

ferrite applications at higher temperatures, the materials in Table 7.V

are suggested for investigation.
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7.V

Ferrite

SATURATION MAGNETIZATION OF MAGNESIUM AND MANGANESE FERRITES

4_ (gauss)
S

I. l_gnesium-Zinc (x--0.5)

4.2°K.

7000.

(MgxZnl.xFe204)

2. Manganese

(MnFe2Otl .)

3. Manganese-Zinc

Mnl_ZnxFe204

7O0O

i0,000

(x--0.4)

> TO00

for all

300°K.

4zoo

9000

6OOO

x
!

Typical Linewidth

AH (g=uss)

2OO

3OO

These materials have the highest magnetization over a broad temperature

range (O-300°K) known to this date°

In the submillimeter wave region, a great variety of absorptions

and resonances have been observed using irQn garnets. A transparency

"window" exists in the range 1 > k > O.1 mm. Transmission through

crystals of YbIG, ErIG, HoIG, SmIG, and GdIG has been investigated by

Tinkham and Sievers. 99

Antiferromagnetic materials 06 held the most promise for devices

Operating above lO0 GH . Their high internal fields cause them to have
.Z

natural resonant frequencies in the millimeter,and submillimeter wave-

length regions° Since the normal modes are circularly polarized and the
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resonance can be t1_ed by an external dc magnetic field, these materials

can readily be used as resonance isolators or phase shifters. The two

best materials found to this date are Cr203and MnF 2. Experimental

results obtained with Cr203as a resonance isolator in a rectangular

waveguide are shown below:

frequency = 140 GHz

(reverse loss) = lO dB
r

(forward loss) = I d.B
£

applied dc magnetic field = i0 kG (i T)

bath temperature = 77°K

linewidth = io5 kG (.15 T)

By adding impurities of AI to Cr203, operation near 1.3 milli-

meters is possible. Therefore, it should be possible to "tailor-make"

materials for given frequency ranges by adding impurities to various

antiferromagneticso

7.3.11 Conmercially Available Components in the Millimeter Wavelength

In the range where rectangular waveguide is applicable, most of

the usual devices familiar in the microwave range are available from at

least one, az_d sometimes a n,nnber of, manufacturers.

A survey of current catalogs reveals that the following items

are available in the bands between 26.5 and 220 GHz:
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A. Ferrite Devices

1. isolatorsj broad band

2. isolators, narrow band (to 140 GHz)

3. switches and variable attenuators (to 140 GHz)

4. modulator (to 140 GHz)

9- phase shifter (to 140 GHz)

6. 4-port circulator (to 140 GHz)

7- Y-circulator (to ll0 GHz)

B. Rectangular Waveguide Components

1. zotaryvane attenuator
2. fixed attenuator

3- level sitting attenuator

4. phase shifter

5- 3 and 4-port manual switch

6. cavity frequency meter

7- directional coupler

8. termination _

9- moving load (to llO GHz)

lO. sliding short
ll. fixed short

12. hybrid ring

13. short slot hybrid (to 170 GHz)

14. E/H tuner

15. hybrid tee

16. E-plane tee

17. H-plane tee

18. E-andH-pls_ue bends

19. twists

20. tapered waveguide adapters

21. slotted sections (to llO GHz)

22. other standing wave detectors (90 to 220 GHz)

23 . harmonic generator or mixer
24. tunable detector mount

25. fixed detector mount (to 170 GHz)

26. parabolic antennas with feed

27. dielectric lens

28. feed and standard gain horns

29. elliptical reflector antenna (to 75 GHz)

30. linearly polarized feed

31. circularly polarized feed (to 90 GHz)

32. 0assegrain antenna

33. conical horn

34. conical horn lens
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Co
TEoI Circular Waveguide

i. standing wave detector (to ii0 GHz)

2. variable attenuator (to ll0 GHz)

3. mode transducer

4. directional coupler(to Ii0 GHz)

5- mode filter

6. rotary joint

7. 90 ° bend

8. termination

7.4 CONCLI_IONSAA_RECOMMENDATIONS

Various transmission systems for millimeter/submillimeter waves

have been described a__d compared on the basis of attenuation and a few

other characteristics. As far as is known, no exhaustive comparative

study has ever been made. Such a study might be worthwhile, since the

present literature does not present a unified view of the various systems.

Of high interest for many waveguide applications are the various

overmoded systems, e.g., helical waveguide, lined circular waveguide,

and oversize rectangular guide. For the frequencies of interest the

latter two would appear most promising, and further research and develop-

ment on them should be encouraged. It is suggested that a circular

waveguide with am oxide inner coating be investigated as a practical

substitute for a thermoplastic-lined tube for sizes where the latter

would be impractical to fabricate.

Conti:<ued research on new systems should be encouraged, particu-

larly in view of the need for finding ways of coupling energy out of some

of the new generating devices.
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Beam waveguides are far from being realized in the millimeter/

submillimeter range. The drawback of size for lens systems is not

obviated by resorting to other diffraction devices, and in all systems

enclosure and evacuation are needed, but then, so are they for any hollow

waveguiding system in this part of the spectrum. Lenses for this region

of interest are in a highly unsatisfactory state of development due to

inadequacies of commonly used refracting materials. Despite these points,

it is felt that the beam waveguide offers many of the same attractive

characteristics as do oversized or overmoded waveguide systems; namely,

the application of optical principles to component design and very low

attenuation. Research and development in this area should certainly be

continued.

Components for all systems can be designed either by the extrapo-

lation of techniques used with the rectangular waveguide or by the appli-

cation of optical principles. This has not been done for many of the

unusual waveguide systems as yet, but should be pursued for them.

Ferrite d_ice research has the dual problem of achieving high

performance in the frequency range of interest and adaptation to the

various waveguide configurations discussed above. _

Continued research on several promising materials such as barium

ferrites, rare-earth iron garnets, certain magnesium and manganese

ferrites, and various antiferrimagnetic materials is required if suitable

devices operable without external cooling are to be developed. In addi-

tion, work must continue on the development of suitable material con-

figurations for use in some of the unusual waveguide systems mentioned

here.
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_apter VIII

PROPAGATION

8.1 INTRODUCTION

The propagation of electromagnetic waves in the millimeter

region is characterized by a selective interaction of these waves

with matter. In this sense, the difference between the propagation

of ordinary radio waves and the propagation of ultramicrowaves

involves the t_ansition from classical to quantum concepts. In

of an electromagnetic beam whose structure is essentially dictated

i
by the amount of coherence. In the presence of matter, however,

the way in which the electromagnetic energy of the beam is exchanged

may differ sharply according to wavelength. For example, consider

a microwave beam propagating through rain. At lO GHz the diffusion

of the beam may be explained by the classical theory of the statistical

scattering from rain droplets. Around 22 GHz, however, the first

lines of the rotational band of the H_O molecule enter into the

picture of the absorption process, and the quantum theory has to

be invQked2 In general, as the frequency increases, the energy of

the photon penetrates more and more into the realm of the binding

energies of the molecular structure, and the probability of the

occurrence of a resonant interaction with matter becomes very large.

Therefore, in the band of ultramicrowaves, diffusion, dispersion

and attenuation of the beam passing through matter are essentially

the effect of a selective interaction.
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In view of these considerations, the study of ultramicrowave

propagation requires the specification of many physical and chemical

characteristics of the medium, as well as of the wave: pressure,

density distribution, kinetic status, molecular composition, wave

polarization and frequency may all be important parameters. As

a consequence, the topic of propagation is difficult to deal with

in a general form. From a physical viewpoint, the topic may be

subdivided into (a) propagation in rarefied gases, (b) pressure

broadening, (c) effect of density i_homogeneity and t_rbulence,

(d) propagation in liquids and solids, and (e) diffusive scattering

from small objects like rain or dust particles. From the viewpoint

of the utilization of ultramicrowaves for space purposes, the topic

may be better subdivided into (a) propagation in the earth's

atmosphere, (b) propagation in outer space in the presence of

meteors or planetary dust, and (c) absorption in other planetary

atmospheres.

An excellent survey of the literature on centimeter and

millimeter wave propagation has already been presented. 2 The

present work represents essentially an effort to update that work.

8.2 SUMMARY OF UNDERLYING THEORY

8.2.1 Spectra of Rarefied Gases

When an electromagnetic wave travels in a gas, its oscil-

lating field will interact with the dipole moment of the molecules

of the gas. If the pressure of the gas is sufficiently low so

that each molecule may be considered independently, absorption
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of energy from the field will occur every time the photon energy

-h_ of the wave equals a possible transition of the energy spectrum

of the molecule. Most of the interactions observed in the ultra-

microwave region are produced by transitions in the rotational

energy of the gas molecules.

Theenergy spectrum of the rotational energy of a molecule

varies according to the complexity of the molecular structure.

In the simple case of a diatomic molecule, all masses are concen-

trated along one line and the moment of inertia is unique. In

this case the allowed energy levels are

Ej = _y J(J+ l) (8.1)

where I is the moment of inertia about an axis perpendicular to

the interatomic axis, and J is the quantum number of the total

angular mo_entum. From the selection rule for a transition in

the rotational energy,

is

it follows that the frequency of absorption

(J+ l) (8.2)_jj, = y

The same expression is also valid for any linear poly-

atomic molecule. Thus, the rotational spectra to be expected

from diatomic or linear molecules consist of a series of nearly

equally spaced lines, the frequency separation being approximately

_/2_I. A more accurate analysis of the mechanical problem shows

- 24.5 -



that the line spacing is slightly altered by centrifugal distortion,

and the lines may be split by the effect of interaction with the

vibrational energy levels (g type doubling). Finally, each line

may have a hyperfine structure due to the possible interaction

between the electric or magnetic moment of the molecule and the

magnetic dipole or the electric quadrupole of the nucleus.

In terms of increasing complexity, diatomic and linear

molecules are followed by symmetric-top molecules. In these mole-

cules one can distinguish the moment of inertia along the main

symmetry axis and the moment of inertia about either of the two

perpendicular axes, Ib . The rotational moment is complex, since,

while the molecule rotates about its main axis of symmetry, this

axis precesses about the direction of total angular momentum.

However, only changes of the precessional energy cause interaction

with the field, because the electric moment of the molecule lies

Thus, to a first approximation, the frequenciesalong the main axis.

of resonance are

~ I/K

c_jj,- I--_(J + I) (8.3)

and the spectrum again consists of nearly equally spaced lines.

The main effect of the centrifugal distortion is to remove the

degeneracy of different K states (K is the component of angular

momentum resolved along the main axis) and to split the line into

(J + l) components.

- 246 -
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Finally, the most complex cases belong to the asymmetric-

top molecules. Owing to the lack of symnetry in their geometrical

structure, the derivation of the rotational energy levels of these

molecules becomes very difficult. In general, ome may observe

that the ssymmetry removes the degeneracy of the various K levels

(analogous to the centrifugal distortion in the symmetric-top case)

and that the effect of centrifugal distortion is here very large.

Other phenomena affect the microwave absorption spectrum

to a considerable extent. An example is inversion, which occurs

in any non-planar molecule but has a spectacular importance only

in the case of ammonia. It consists of a splitting of the ground

state related to the two energy levels corresponding to the two

possible conditions of equilibrium with respect to the center of

mass. According to the simplest theory, only one absorption line

is expected,but due to centrifugal distortion a series of lines,

corresponding to the different rotational states, are obtained

lines observed between 16.7 GHz and 39.9 GHz in Nl4_).(66

There is a long list of substances whose ultramicrowave

spectra have been, at least partially, experimentally investigated

in the gaseous state. The list includes 36 diatomic and 14 linear

molecules, for which spectral tables have been theoretically

computed. 3'4 There are also 106 syn_netric-top molecules, 34

inorganic and 137 organic asymmetric-top molecules. For most of

these molecules the theory is only partially elaborated. 5 A
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rather complete list of references related to these molecules is

given by Stark and Favero.6'7

8.2.2 Pressure Broadening

Knowledge of the locations of the resonances of the

interacting molecules is not enough to predict the behavior of the

propagating wave in a gas mixture like air. In fact, a pure

monochromatic absorption line only belongs to a truly isolated,

undisturbed and stationary molecular system. Practically, the

spectral limes are widened by various types of unavoidable dis-

turbances, such as thermal agitation (Doppler broadening) and

interaction between molecules. The most important broadening of

the absorption lines arises from collisions between molecules,

and is _own as pressure broadening. A rather complete description

of pressure broadening may be obtained assuming random interruptions

of harmonic oscillators, followed by a Boltzmann distribution of

8
their energies after collision.

Accordingly, the spectrum of absorption results

where

with

_(_) = So __ sij f(_ij'_) (8._)
i

2

s = _ _ N (8.5)
o 3hcQ(_)
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2
E- / for molecules having an electric dipol_ moment ofequal to P e°

PE ' and equal to Pj2/_ ° for molecules having a magnetic dipole

moment PM; h is Planck's constant, c the velocity of light, Q(T)

the rotation partition function, N the number density of the

absorbing molecule and

_° °

1j
(8.6)

with

_. the energy at level j th; _ _. the energy at level i th; T the
j i

absolute temperature, gj the statistics1 weight of level j th; l_ijl 2

the square of the direction cosine matrix element of the j_i

transition; _.. the frequency of the j_i transition; and finally
Ij

f(_ij,_) is the line-shape factor. According to the Van Vleck-

Weisskopf theorY' lO, ll the shape factor is given by

f(_ij'_) = _oij co._ij)2+ _ia2 + )2 A_ 2• " (_°+t°ij + ij

(8.7)

where A_.. is the spectral width of the lineat one-half of its
ij

maximum intensity. For a gas mixture it is approximately

A_ij = _ 8S.. PS

S i_

(8.8)
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where, _S.. is a factor which characterizes the broadening effi-
ij

ciency of the collis_on phenomenon between the absorbing gas and

the s th component of the mixture, and P8 is the partial pressure

of that component. The sum of eq. (8.4) is extended to all

rotational levels according to the selection rules.

It follows from the previous expressions that the maximum

of absorption at each resonance remains considerably independent

of the pressure, while the wings of the absorption lines are

approximately proportional to gas pressure. At a particular

frequency the absorption _s influenced by lines located at consid-

erable frequency separation on each side, so that it is necessary

to include these contributions to arrive at a sufficiently accurate

absorption coefficient.

8.3 CONSTITUENTS OF _ EAR_I'S ATMOSPHERE

The earth's atmosphere up to an aZtitude of about 90 km

is essentially a mixture of _2' 02 and Ar in the following

percentages: N2 = 78.08%, 02 = 20.959 , Ar = 0.93% (see Table 8.I_

In the troposphere another important constituent of air is H20,

whose percentage may change from 0 to about 2%. _ae presence of

H20 is generally evaluated in terms of the so-called humidity.

Absolute humidity is defined as the quantity w of water vapor in

air, in grams per cubic meter. It can be computed from observation

of the relative humidity and temperature by knowing the weight

w of the saturated aqueous vapor, which is obtainable from
o
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Table 8.I Atmospheric Gases at Sea Level

(Ref- Handbook of Chemistry and Physics, 44th ed., p. 2982)

Natural

Gas

O2

A

C02

Ne

He

c_4
Kr

.2o
Xe

o3

H20 Vapor

Man Made Gases

so2
C0

Hydro -
Carbon

Content (by Volume )

78.o84 • o.oo4

_o.946• o.oo2

0.934 • 0.OO1

_0.033 • 0.OO1

%,8 × !0-3

_.24 X 10-4

1.0 X 10-4

_.o x ,,o-9

8.0 x lO"6

l.O x 10 -6

0to2

variable

Content
Parts/lO 6

18.18 • O. 01_

9.24 • 0.004

2.0

1.14 -'- 0.01

0.9

0.9 • 0.I

0.087 • 0.001
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standard tables (e.g. Eandbook of • "Cmemls_y and Physics, 44th ed.,

page 2582 ) since,

relative humidity = w/w o

All other constituents of air (Ne, He, Kr, Xe, CH4, N20 ,

03) are below .01_ ir the lower atmosphere.

Because of the essential lack of dipolar moment of the

nitrogen molecule, propagation t?_ough air is primarily controlled

by the absorption of oxygen arid water vapor.

8.3.1 Oxygen

0xyge:_ in its grotu=d electro_<ic state is coupled to the

electromagnetic field by a magnetic moment, which results from

the unpaired _ "_o . T_e millimeter spectr_m of_pl ......of two ele_trons "_

02 derives primarily fgom transitions for which the selection

rule is that the ele__zo._ spin alignment with respect to the total

angular mome=_%um changes by one _ait, i.e., (K, J = K + i)

(K, J = K) or (K, J = K) _ (K, J = K - i). _%ese transitions are

usually deno%ed by the s_bo! N+ and N-, respectively. _"ne

frequencies of these transitior_s was determined by M_zishima and

Hill,12 and the experimental spectrum has been used by Tinkham

and Strandbe_g 13 to obtain the best fit to five parameters of the

_ i.. Table 8.II.
02 molecule. The transition freque__icies are shown "_

_" '^ the selection rule is AK=2 are alsoTransitions in W__lC_.

14
possible in 02, but in this case the line intensity is very

weak. The lines which have been observed in a pipe 180 meters long

and filled with 02 pressurized at 1.75 atmospheres are listed in

Table 8. Iii. 15

- 252 -

I
I
I

I
I

I
I

I
I

I
I

I

I
I
I
I

I



I

I

I

I

I

!

I

I

I

I

I

I

I

I

/

I

I

5

7

9

ii

]-5

17

19

2z

23

25

Table 8.if Transition Frequencies for Oxygen

(+)_m (-)_z

1 56 264.7 118 750-7

58 446.9

59 591.5

60 435.5

61 151.3

61 800.9

62 411.9

62 998. 5

63 568.7

64 127.6

64 678.2

65 222.7

65 762.6

62 486.7

60 306.1

59 164.0

58.323.6

57 612.1

56 967.8

56 363.1

55 783.6

55 221.5

54 671.6

54 671.9

53 597.3

Table 8.iIl Liz_es 0bserved in Oxygen at 1.75 Atmospheres Pressure

T_ansition Frequency (GKz)

(K=l, J=2) -, (K_-_3,"J=2)

(K=I, J---2)-. (K=3, J=3)

(K=3, J=4) -., (K=5, J_4)

(K=3, J=4)_ (K=5, J=5)

(I<=5, J=6) .-, (K="t,,_J_)

(K-5, 0----6)....(K=7, J=7)

(K=7, J--8)-.(K--9,J-8)

(K=7, J=8) -_(K=9, ,/--9)

426

486

774

832

I,122

i,177

1,468

1,526
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_ne absorption appe_r_ stronger iL i:ransition:s where AJ=O. Attempts

to correlate these observ_itioLs with the absorptioLt spectr,_m of

solar radiation passing through the atmosphere have [:ot been success-

ful.

8.3.2 Water Vapor

__%e water vapor mole_.ule possesses a perma__:eLt electric moment,

1

and consequently exhibits a pure rotational spectrum. Structurally_

the molecule may be represented as an isosceles triaLgle with an

apex angel of about 104.5 °. Because L o:me of the three moments of

inertia are equal, this mole_.ule t_elongs to the class of asymmetric

rotors. The permanent electric moment lies along the axis of the

middle moment of inertia. According to the theory, the eigen-
!

values of the erergy levels are roots of a KamiltoLian equation

involving all three moments of inertia. _%e states are designated

by the symbols JT' where J is the total momertum of the system,

and T is an integer ranging from +j to -J, whiah denotes the

orderi_-_ of the levels withiL a J group. Each level is also

provided with a symbol, (++), (+-), (-+) and (--) which characterizes

the s2nnmetry of the Luclear spiLs in the state. _ne seleztio:- rules

are AJ = • i or O, aLd the transition may only occu_ between the

symmetry class (++)_(--), or (+-)_ (-+). _.e ar_tisy_metric levels

have tD__ee times the statistical weights of the symmetric ones.

A table of rotational energy levels of the water vapor molecule

may be obtained from infrared da_a. 16'17 Because of the small
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separations involved, the resonances in the submillimeter region

ca__uot be predicted wi_h great precision. The submillimeter

spectrum has not yet been fully investigated. A list of all the

transitioms of the rotational spectrum of _0 for frequencies below

3,000 GHz are included in Figs. 8.8-8.17.

The terrestrial atmosphere is stratified and approximately

obeys the altitude-pressure relationship

h

P = PO exp (o _ ) (8.9)

where H(h) _T ,,= _ is the isothermal "scale height, PO the pressure

at sea level, g the earth's gravitational acceleration, and M the

air molecular mass. Therefore, the characteristics of radio wave

absorption in air will vary rad_callywith altitude. At high

altitudes the humidity is very low_ and the propagation is primarily

controlled by the absorption of oxygen. Below 30 kmof altitude,

pressure broadenimg blends together the 25 spectral lines of 02

located around 60 GHz. At low attitudes the water vapor spectrum

enters into the picture with 131 lines spread between 20 GHz and

3,000 GHz. Because of the pressure broadening, all these lines

blend together to form a continuum of absorption as the result of

the overlapping of all the skirts of many lines.

At the time of Van!Vleck's papers (1947), no propagation test

had been made through the actual atmosphere in the millimeter

wavelength region, and only a very few quantitative data were

available in the cer_ti_eter region. However, accumulation of
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measurements _have shown that the attenuation of millimeter wave-

lengths in the skirts of the oxygen and water vapor lines is

inadequately described by the theoretical values of Van Vleck.

While Schulze and Tolbert 18 do not purport any justification

for a significant alteration of the theory, Zhevakin and Naumov 19

strongly feel that the current prediction of the form of the

spectral lines in air zequires a more elaborate solution of the

statistical problem of molecular collisioms.

Before emtering f_rther i_ this topic, it is proper to point

out the staggering experimental difficulties which are imvolved

in measurements of attenuation of ultramicrowaves in air. Measure-

ments cam be made in the laboratory, or by direct transmission

along a given atmospheric path. In the latter case, the general

procedure for making the tests is to observe the signal level

over a number of days and plot the signal strength as a fuuction

of water vapor contemt in the atmosphere. The slope of this line

provides the water vapor losses, and the ordinate provides the

oxygen loss. Small and large scale i_'_omogeneities exist im the

water vapor content. H_wever, a reliable measurement of the

variatiom of the path loss with water vapor concentration is obtained

by determining the humidity at both emds of the path, and averaging

a large number of data. Other disturbances are _e to refraction

and precipitations along the path.

- 256 -

I

I

I

I

I

I

I

I

I

I

I

I

I
I

I
I
I



I

I
I

I

I
I

I
I

I
I

I
I

I
I

I
I

iI

I

8.4 EFFECTS OF ATMOSPHERIC OXYGEN

Laboratory experiments are generally performed on small samples

of pure or mixed gases. Laboratory testing is limited by the fact

that the attenuation can only be measured accurately in the immediate

vicinity of a resonancebecause the skirts of the absorption lines

present a loss percentage too small to be measurable in a short

path. (The University of Texas cell is 900 feet long.)

Ma_v tests have been performed in the laboratory on oxygen,

20,29
either pure or in a mixt_re with nitrogen at various gas pressures.

An important parameter measured in these tests is the line

width Aeij. At atmospheric pressure the 25 spectral lines around

60 GHz broaden enough so that they nearly form one single line.

Various estimates have been made to obtain one broadeni_ parameter

which best fits all observations. The line broadening parameter for

02 has been determined to be nearly independent of rotational quantum

number, and given b?0"-

a  oo]Lko = 2_ _IP .21 + 0.78 _ (8.1o)

where _i and _2 are two constants and p is the pressure in Torr.
J

For pure 02 the factor in th_ brackets is equal to unity. For

air, this factor consists of t1_ mole fraction of 02 in air (.21)

plus the mole fraction of _2(.78) multiplied by _2 which specifiers

the relative efficiency of N2 - 02 collisions to the 02 - 02

collisions in pressure broadenir@. The parameters _l and _2 are
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determined empirically. Best compromise values result in 61 = 1.95 MHz

and .21 _ 62 _ .37- Usi_ a standard model of atmosphere (e.g.

the ARDC model*), pressure can be related to altitude by eq. (8._.

Typical laboratory data on dry air at various pressures are

shown in Figs. 8.1 and 8.2.

A comparison of these results with measurements of open path

propagation at frequencies in the vicinity of the oxygen absorption

lines 31"34 shows that the agreement between the two sets of measure-

ments is poor. Straiton a_d Tolbert 3_-36 report the line broadening

parameters at atmospheric pressure shown in Table 8._.

Table 8.1_ T ComparisoL of Experimental Data on Line Broadening

02 band

6a_

120 GHz

2

Laboratory

1,490

3,600

Atmospheric Path

(_z
600

I,500

Amo_ the causes invoked to explain the differences shown in

the table are the presence in the atmospheric path of H20 and other

polar molecules, and of a continuous non-resonant Debye absorption.

In addition to attenuation, oxygen gives rise to emission of

radiation. For radiometric purposes it is customary to measure the

molecular emission in terms of an equivalent radiation temperature T

which would be measured with a narrow-beam antenna looking through
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* Airforce Geophysics Research Directorate, Bedford, Mass.
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Figure 8.1 Intensity and Shape of the Oxygen Absorption

Spectrum between 50 and 70 Gc as a Function

of Altitude (taken from Ref. 2).
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the atmosphere. If the average radiation temperature of a source

beyond the atmosphere is Ts, and if the zenith angle of this

source is e, the effect of the atmosphere may be described 30 in

terms of the zenith opacity T0 and the radiation TO as

T = TO exp (-_0 sec e) + TO(e)

The contribution TO(e ) to the antenna temperature may be obtained

in terms of the atmospheric temperature distribution by means of

the integral

O0

= '[h _(m' _' p) w exp (-_) see e

(8.11)

(8.12)

the antennawhere _(_, T, p) is the attenuation coefficient and h
O

height.

The opacity _ of the atmosphere is a function of the height

h above sea level and th_ ar_le e of the line of observation, and

is given by

A

= J_ a(_, T, p) sec edr = T0 sec e
J-L

(8.13)

The result of computations of (8.13) and (8.12) based upon

the ARDC model atmosphere are shown in Fig. 8.3. Measurements

of the emission of the atmospheric oxygen at an altutude of about

30 kmhave been successfully performed using a radiometer carried

by a balloon. 37'38

261 -



,, ,,"

" I ' ' " 'l ° I ' '" '!.... ''

290

2110_

270_

S_

_'260 _

1
_ _ _

2_

2_

60.2

' ASOYE ATJ4OSPHERE

40.306 (Gc/_) 40.d34 (Gc/_) ILLS1 (Go/e)

i I I 1 , "1 i I i
60.4 60.6 6o.I 61.0

FREQU£NCY (Gr./m)
61.2

.-Computed antenna temperatures for observation of the.earth's atmosphere from alti-
tudes above f_Okin. The frequency range includes three oxygen absorption lines. Curves am
ehown for antennas d_rected vertically downward (# --- 0 °) and directed obliquely downward
,(# -- 80").

Figure 8.3 (from Ref.30)
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8.5 EFFECTS 0FWATERV_POR

Unlike oxygen, the water vapor concentration in air varies

with time, and may be i_]_omogeneous along atmospheric layers of

constant pressure. This renders the evaluation of experimental

measurements of the water vapor spectrum an essentially difficult

task. The difficulty not only exists in extended atmospheric paths,

but also in the laboratory, because it is hard to keep the water

concentration constant in a cell long enough to allow reliable

measurements of attenuation.

In the laboratory, the absorption was observed essentially

by two techniques: either a long cell 33'35 or a cavity, for which

the phenomenon of resonance effectively multiplies the length of

the path_ 3'_4 In these tests a gas mixture of H20 and N2 was also

used, in order to obtain a water vapor spectrum at normal pressure,

not perturbed by the absorption lines of 02 . The absence of oxygen

does not modify the results noticeably, since nitrogen constitutes

78_ of standard air, and also the spectral broadening is mainly

controlled by N 2 _ _0 collisions; the efficiency of the collision

phenomena in broadening the spectral lines of _0 being expressed

by the followir_ ratios: 39

(_2o-__T2) : (_o = o2) : (_o Z _o) = 1 : .3 :

A considerable amount of data has also been gathered on atten-

uation of millimeter radio links over atmospheric paths of different
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lengths, at various water vapor densities (averaged along the path
4o-44

and assumed constant during the tes_. Measurements have also

45-51
been taken using the sun as the source of radiation. Both

types of measurements have shown a high degree of correlation

between the amount of precipitable water observed along the path

and the signal attenuation. In the case of solar radiation, an

estimate of the total precipitable water was obtained by measuring

humidity on the ground and making reasonable assumptions of the

vertical distribution of water vapor. 52 Data have been selected

from each group of measurements and plotted in Fig. 8.4. In order

to make the data comparable, they have been reduced to the same

reference of i gr./m 3 of precipitable water, under the simplified

. assumption that the relatiomship between this quantity and the

measured loss is linear.

Finally, the neoretmcal prediction of the attenuation is

particularly difficult, because most of the absorbing spectrum of

_20 lies in the infrared, so that the absorption in t_millimeter

region is essentially due to the overlapping skirts of many (871)

resonant lines, including those in the near infrared° The correct

use of the Van Vleck formula requires a knowledge of the broadening

parameters of a large mumber of these limes. To consider the

same half-widths for every line seems a poor assumption°

The existe_ce of all these problems is reflected in the

scarcity of available data. The two _0 spectral lines which

have been well studied experimentally lie below 200 GHz.
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In order to produce an agreement between experimental data

and theory, two width parameters have been defined, namely, a width

parameter measured in the proximity of the line center, A_c, and

a width parameter measured on the wing of the line, A_- Frenkel

and Valkenburg 53'54 report the following data:

Table 8.V Bandwidths of Water Vapor Lines

H20 band

22 GHz

183 GHz

2o

(MHz/Torr)
2_

3.6 (Ref. 55)

3.8 (Ref. 54)

4.4 (Ref. 53)

A_w (MHzlTorr)
2_

18 (Ref. 55)

7-ii (Ref. 33, 35)

{29 (Ref. 54)3 (Ref. 53)

As for oxygen, water vapor in the atmosphere is responsible

for the emission of radiation. The observation of this radiation

from the ground gives, at least in principle, an interesting tool

for the investigation of the vertical distribution of water vapor

in the atmosphere. 56 A receiver suitable for this kind of obser-

57
vation has been built recently at M.I.T.

In concluding these considerations of the effect of water

vapor on the propagation of ultramicrowaves, it must be noted that

there are still many questions left open. Straiton and Tolbert 58'59

pointed out many discrepancies between the tneory and experimental

data in the limited band (20 GHz-140 GHz) investigated. Recently,

Zhevakin and Nauno_60'61- have sharply attacked Van Vleck's theory,
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attributing to it the lack of correspondence between theory and

experiment. The attenuation formula they propose is based upon

62
a more elaborate statistical distribution of collisions and

uses, instead of the spectral line function (8.5), the expression

f(o,_ij)

4(o. 2
ij

2 2)2 + _2( 2
(_ij - &_ij )

A comparison between the two theories is shown in Fig. 8.5.

Introducing now the solid curve of Fig. 8.5 into Fig. 8,4_

it is apparent that agreement between the experimental data and

theory is again only fair. However, the effectiveness of either

theory can only be judged after a further region of the spectrum

has been investigated experimentally.

8.6 REMARKS ON PROPAGATION IN THE EARTH's ATMOSPHERE

On the basis of considerations made in the previous sections,

it is clear that, apart from two confined oxygen bands (around 60

and 120 GHz), the greatest obstacle to the propagation of ultra-

microwaves in the earth's atmosphere is due to the presence of water,

either in the liquid state (precipitatiom or aerosol), or in the

vapor state.

From meteorological data on surface temperature, relative

humidity, and rainfall rates of four sites in the United States

(Boston, Mass.; Washington, D.C.; Austin, Texas; and Los Angeles,

Calif.), the Raytheon Company 63 has evaluated the average total
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atmospheric loss for the frequencies 16, 39, 70 and 94 GHz. These

results are shown in Fig. 8.6 for clear, cloudy and rainy weather

respectively. In the same figure are also plotted the expected

losses due to 02 and _0 separately (dashed lines). The trend of

the total absorption versus frequency is plotted as a solid line.

A general picture of the absorption characteristics of water

vapor at normal temperature and pressure (T - 293°K, p=760 Torr)

for frequencies below 3,000 GEE is presented in Figs° 8.8 to 8.17.

These figures refer to water vapor concentration of 1 gr/m 3, which

corresponds to a relative humidity of approximately 6_. In the

figures, the solid curve represents the theoretical absorption as

computed in ref. 60. Whenever possible, experimental data have

been introduced. For frequencies above 300 GHz, these data are

scarse. 0nly a certain number of absorption resonances have been

accurately measured, and the level of attenuation has been determined

for just seven "windows." These last measurements show that the

experimental attenuation exceeds the theoretical by at least 5%.

All possible transitions of the water vapor rotational spectrum

in the band are also indicated in the figures.

For interpretation of the figures, the following obser-

vations are in order.

Attenuation coefficient: The attenuation coefficient

written in the ordinates of the figures corresponds to the condition

of 1 gr/m 3. This implies a relative humidity of about 64. The

- 268 -
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relation between saturated precipitable water, temperature and

relative humidity at sea level is presented in Fig. 8.7. A

relative humidity of 56@ at standard temperature and pressure

(T=R93°K, P=760 Torr) is considered normal: this corresponds to

i0 gr/m 3 of precipitable water. At sea level a change in relative

humidity may be accounted for by multiplying the data of the figures

by the actual number of gr/m 3 of precipitable water, as obtained

from Fig. 8.7, on the basis of the temperature and relative humidity

---_ _1_ +_ _n_4_ered hath

At other altitudes the attenuation coefficient in the

"valleys" of the attenuation curve may be estimated by multiplying

the data of the figures by the number of gr/m 3 of humidity existing

at that altitude• For a standard atmosphere_ an accepted formula

84
(see_ for example_ A W. Straiton_ Progress in Radio Science)_ for

the computation of the humidity at any altitude h is_

5 grl mw : i0 exp (--5 h km )

Total attenuation across the atmosphere: The total

attenuation existing in a path which spans from one altitude to

another may be arrived at by subdividing the difference in alti-

tudes into a sufficient number of layers of uniform water vapor

concentrationj and summing up the partial attenuations due to the

contributions of each layer computed with the method described in

the previous section. 64
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For a standard atmosphere, the integrated effect for a vertical

path spanning from a given altitude h to the limit of the atmosphere

maybe computedwith the formula

_db = (_ 20 exp(- .5 hkm sec e)

where _ is the attenuation coefficient of the figures and e is the

slant angle measured from the vertical.

Aside from water and oxygen absorption, the millimeter and

submillimeter waves are not expected to suffer noticeable loss from

other gaseous componentsof the atmosphere. Ozoneand carbon

dioxide, which are largely responsible for the infrared atmospheric

absorption, have practically no part in the attenuation of ultra-

microwaves. Ozonehas mar_ resonant lines between 0.787 and

2,6}2 GHz65 and a maximumabsorption in the 237 to 250 GHzband.

However, the total attenuation for the crossing of the zenith of

the ozonosphere (located between 20 and 30 km of altitude, and

corresponding to a 3 mmthick layer at atmospheric pressure) is

below 0.4 dB. As far as CO2 is concerned, its molecule has

neither an electric nor a magnetic dipole and its spectrum, due

to rotational-vibrational levels, does not extend out of the infrared

in the lower frequency band.

8.7 EFFECTSOFATMOSPHERICPRECIPITATIONONPROPAGATION

The theory of the phenomenologyof attenuation by precipi-

tation of condensedwater was presented by H. Goldstein in 195171
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This theory, which is essentially based on a classical work of Ryde

and Ryde 72 is well sunmarized_by the _R_ C. A. report_ 2 !n humid _

a!Z , the condensation nuclei, ranging in size from 9 × l0-3 to

5 × 10"2 micron, may grow into water droplets. In haze they are

from l0-1 to 5 X l0"I micron in size; in fog and clouds they are

typically from lO to 30 micron, with a condensed water content seldom

e2ceeding I gr/m 3. These dimensions are much smaller than the wave

length for frequencies below 3,000 GHz. When drops are small with

respect to the wavelength, the Rayleigh approximation holds: the

scattering cross-sectlon is proportional to

and the absorption cross section is proportional to

where a is the droplet radius and k the wavelength. Consequently,

for ultramicrowave, the primary loss mechanism in fog or _louds

is absorption, which is directly proportional to the total water

mass per unit volume. It is found that attenuation from liquid

water in clouds is much larger than from ice clouds, and that in

both cases the losses are mainly due to absorption. The attenuation

in riB/kinis given by the formula

o,= .44Wx2

with k in centimeters, _ud M :indicat'_ngthe liquid w&te::'c-_n_;ent:_

gr/m 3. (See note on page 286.)
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In the case of rain, the droR diameter may reach 5 mm, so

that the Rayleigh approximation may not hold, but the Mie scattering

solution is required. When the drop's diameter is much larger that

the wavelength, the loss depends only on the scattering cross-

section density of the particles. This leads to a d_crease of

loss passing from millimeterwaves to submillimeter waves. In Fig.

8.18 the theoretical and observed values of attenuation due to

rain are presented for a range of rainfall rates.

Recently a very infolumative resume has been published,

which compares theoretical and experimental attenuation due to rain-

fall at frequencies up to io0 GHz. 73 It appears from Medhurst's

work that, while the theoreticalpredictions of rainfall attenuation

are in qualitative agreement with measurements, the quantitative

agreement is not always satisfactory° In particular, the maximum

of the theoretical attenuation lies well below the measllred maximum.

_nis discrepancy, which appears to increase with frequency, may

in part be attributed to the experimental difficulties in measuring

rain, but seems also to require a refinement in the theory of the

structure of the rain itself. Supporting evidence indicated that

precipitation is not uniform, but may tend to contain clusters of

several closely spaced drops. An effort to understand the effect

of rain irregularities is being made. 74'75

The radar measurement of rainfall is based upon the following

assumed relationship between radar reflectivity of rain, Z, and the

drop diameter, D

- 284 -
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n

where a is a dimensional constant, and the sum is extended to all
n

drop sizes. The rainfall rate is then determined, knowing the drop

size distribution, by the empirical relation

z = B _ (8.1_)

where the constants B and _ are characteristics of the kind of

rainfall. Examples of various kinds of Z/R relationships are shown

in Fig. 8.19o

Th_ attenuation constants for various kinds of rain are

shown in Fig. 8.20. The type of rain for each situation is indi-

-1 -1
cated in the figure by the parameters B and 8 , respectively°

For millimeter waves, formula (8.14), which is based on the Rayleigh

scattering approximation, is not satisfied for all raindrops° When

the ratio of rain drop diameter to wavelength increases above .i,

scattering and attenuation increase sharply.76•

Snow properties are ur-der test, 77 as well as an attempt to

understand the effect •of rain on the transparency of radomes. 78'79

In conclusion, the effect of precipitation on ultra-microwave

propagation is under study, but _'_muc_ remains to be done. In

particular, a comparative study of the attenuation effects of the

various types of water condensations (rain, snow, hail, fog and

clouds) with respect to frequency is needed°

_Ref. v _,Z C _ _* l! is _ ...._a_ely _ •.pp ........ _, = ....

I

i
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8.8 TROPOSPHERIC SCINTILLATION

The concept of tropospheric refractivity is thoroughly

developed in Kerr's book. 71 In particular, described therein is the

effect of a turbulent boundary upon refractivity. The study of the

origin and distribution of turbulence in the troposphere is being

very actively investigated. 80 However, the effect of tropospheric

turbulence on the propagation of ultramicrowaves is not yet well

understood, particularly the relation between turbulence dimensions

and wavelength. While it has been proposed to establish a relation

81
between propagation and the specific conditions of turbulence,

there is a general tendency to lump together all the effects of

turbulent refractivity, especially at the highest frequencies, in

one statistical factor of signal deterioration due to turbulence.

As a matter of fact, the propagation of an electromagnetic beam

through a turbulent atmosphere is characterized by fluctuations

of the received signal which can be related to: (a _ a change in

the smgle of the arrival of the beam, which displaces the focal

point in the receiving antenna (quivering); (b) distortion of

wavefront on the incoming beam, which produces in the receiving antenna

a defocusing effect similar to that caused by geometrical errors of

the reflector (illumination dancing); (c) changes in the overall

beam intensity (spatial focusing and attenuation). The importance

of these effects increases with the beam concentration, and therefore,

with frequency. Particular attention has been given to these phenomena

at optical frequencies.82'83
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In the radio spectrum the data available (see, for example,

H. B. Janes, M. C. Thompson, "Errors Induced by the Atmosphere in

Microwave Range Measurements," Radio Science, Vol. 68D, No. 11_

Nov. 1964, pp. 1229) have been exhaustively discussed in ref. 6

(pp. 3.14 to 3.30) for application to satellite-to-ground communi-

cation at i00 GHz.

Continuation of these studies on the effect of tropospheric

turbulence on tile propagation of ultramicrowaves is highly recommended.

8.9 SUMMARY A_KTDREVIEW OF RECOMMENDATIONS

Atmospheric absorption in the 150 to 3,000 GHz band is

essentially due to water vapor. The theoretical absorption coefficient

at standard temperature and pressure is shown in Figs. 8.8 to 8.17.

0nly a limited part of this spectrum has been measured experimentally.

The obse_Ted data generally exceed tile theory by a small but signifi-

cant percentage. Local variability of humidity makes the integrated

water vapor absorption throug_h the lower atmosphere a highly change-

able factor. However, at relatively low altitudes the vertical

crossing of the whole atmosphere occurs with negligible losses: at

the altitude of l0 kin, for example, the average vertical atmospheric

attenuation for frequencies below 1,O00 GHz is less than 1 dB.

Water vapor emission can be detected, and contributes to

increasing tile apparent antenna temperature. Fog and clouds cause

absorption losses which linearly increase with frequency. Losses due

to rain tend to be constant in the frequency range of interest,

- 290 -
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and proportional to rainfall density. A comparative study of the

attenuation effects of the various types of precipitation has not

yet been made at these frequencies.

Consideration shoyld, therefore, be given to the following

studies:

l) Elaboration of a computational program for obtaining

the theoretical attenuation of a given atmospheric path, using as

parameters, frequency, altitudes of the path terminals, and humidity

versus altitude curve. This program should be kept up to date

by introducing new experimental data of frequency and linewidth

of water vapor absorption lines as soon as they become available.

2) Laboratory exploration of water vapor absorption of

submillimeter waves in order to obtain further experimental data of

attenuation and linewidth of more lines of the absorption spectrum.

3) Systematic studies of submillimeter wave propagation on

actual paths, and in the presence of various types of precipitation.

4) Statistical investigation of beam coherence on actual

paths.
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Chapter IX

DETECTION

9.1 INTRODUCTION

Since the publication of an extensive survey of millimeter detectors
t

about 4 years ago, 1 considerable progress in the field of millimeter and

submillimeter wave detection has been achieved. Better understanding of

the underlying physical principles led to improvement of the operation

of a number of detectors and also to the development of new detection schemes.

Detectors with considerably superior sensitivity and time response compared

to thermal detectors exist today practically over the entire range of n_m

and submmwavelengths (10--0.1) mm. Many of these detectors are, however,

still confined to _aboratory use and require further development to render

them suitable for practical applications.

The aim of this chapter is therefore to

a) update the information of the referenced report

b) formulate criteria _ __o_ choosing a mm or submmwave detector

to perform a specific task

c) point out areas of further development.

The existing state of the art allows the following classification

of mmand submm detectors

a) Thermal

b) Photoelectric

c) Semiconductor diode detectors and mixers

d) Bulk semiconductor mixers

e) Others
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We shall discuss first each of these categories separately,

emphasizing recent developments. This is followed by an overall evaluation

and comparison of the various devices discussed using detectivity/

sensitivity, time response, simplicity of operation, and scope of applica-

tion as criteria. Areas and devices with respect to which further develop-

ment is required are also indicated.

9.2 THERMAL DETECTORS

In principle, any temperature sensitive phenomenon can be utilized

as the basis for a thermal detector. In thermocouples, the observed

phenomenon is the electromotive force which exists across the junction

of two dissimilar materials. For bolometers and thermistors, the observed

phenomenon is a resistivity change with temperature, whereas for pneumatic

detectors (Golay cell) 2 the observed quantity is a minute mechanical

displacement caused by a change in the pressure of a contained volume

of gas subjected to the radiation. Two characteristics of thermal

detectors are the frequency independence of performance and the long time

constant. Because of their relatively slow response time, ranging from

about lO msec for Golay cells and carbon bolometers to about 1 sec for

the superconducting tin bolometers, thermal detectors are unsuitable for

communication purposes, but they can be useful for measurements of power

and energy. However, it has been pointed out that large errors may occur

when thermal detectors are used at millimeter wavelengths due to power

dissipation in the leads caused by the skin effect. 3

A thermal detector consists basically of two components, of which

one is the receiver which absorbs radiation and the other is the temperature

- 3oo -

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

i

I



I
I

I
I

I

I
I

I
!

I
I

I

I
I
!

i
i

sensor. However• in many present-day devices• the sensing element often

plays the receiver role also. The function of the receiver is to act as

an absorbing medium such that• when an amount of radiant energy AQ is

absorbed• the receiver temperature will change by an amount AT =AQ
C •

where C is the thermal capacity of the receiver in units of joule/degree.

The function of the temperature sensor is to sense the temperature

change AT. _y temperature sensitive parameter could be used in principle

to detect a AT. Thermal detectors intended for operation at microwave

frequencies• such as thin wire barretters, resistive film bolometers•

__+n-_ +_o+_ ..... _ _1 ..... 11 ....... 11 _..... 2•3•4

The Golay cell and a number of specially developed bolometers suitable

for use at mm and submm or infrared wavelengths will be described next.

9.2.1 The Golay Cel3

This is a thermopneumaticdetector in which the incident radiation

is absorbed by a thin foil blackened receiver comprising one wall of a

gas filled chamber. The expansion of the gas deflects a thin f_exible

membrane whose deflection is measured by an electro-optical system.

Appropriate window material is used at various wavelengths of the

spectrum. Crystal quartz and diamond usually are used in the submm

region. The Golay cell has a response essentially independent of

wavelength. However, at wavelengths longer than _ mm (when the dimension

of the cell becomes comparable to wavelength)• a slight dependence on

wavelength appears.
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Golay cells with noise equivalent power (NEP) (for definition of

NEP see section 9.6) of about 4 x lO -lOW are available commercially

with a time constant of about 15 msec. The major sources of noise in

the cell are the Brownian motion of gas molecules and mechanical vibration.

The Golay cell has the advantages of operating at room temperature,

and has an easily measurable and reliable response which is practically

independent of wavelength. Its disadvantages are relatively slow response,

inferior detectivity (see section 9.6 for definition of detectivity)

to that of cooled detectors, and a small amount of microphonics. Despite

these disadvantages, the broad spectral response and reliable operation

of the Golay cell make it extremely useful as a standard of comparison

for other types of detectors. In a recent development, fiber optics were

employed by Grove 5 to detect the deflection in the diaphram of a Golay

cell. The composite device was complicated and apparently plagued by a

long time constant.

A general analysis of the sensitivity of the Golay cell has

6
been given recently by Schuman. Due to its intricate mechanical and

optical structure, the Golay detector is not suited for applications where

vibrations exist.

9.2.2 Special Bolometers

The factors affecting the operation of a bolometer can best be

_uderstood by considering the general equations of its responsivity R

4,7 <
and time constant _, for _ i, where _ is the angular frequency of

the chopped radiation
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__ = C_ v (9.1)
G-_P

C
%J d

Here, C is the thermal capacity of the receiving element a-td G is the

thermal conductance between the bolometer and its constant tempe-_ature

heat sink s-orroundings, c_ is the temperature resista_zce coefficient,

V is the biasing voltage applied to the bolometer and P is the electri<.al

power dissipated in it.

Tne equations above show t_t in order to obtain high -_esponsivity,

must be large and G small• But a small G implies a Large _. _erefore,

in order to keep _ small, C must be made small; that is_ the receiver

element must be made as light as possible while mai_::,tai::_i:_effi.;ient

absorption of the incident radiation•

In addition to reducing thermal f_._,t_.a_/_o._,_ c_oling a

bolometer reduces the thernmi capacity considerably and by suitable choice

of materials (semiconduct_.s or sup_ _conductors) a large value cf _ -.'an

be achieved. As a consequence of these considerations, the follo_;ing

special cooled bolometers have been designed and op_'ated.

9.2.2.1 Superconducti_ Bolometers

The operation of a superconductiw_ bolometer is based oL the

fact that superconductors have a hi_z resistauce _:oefficiez:t i:_ the

neighborhood of the temperature at which they chazge from their noz-mal

'_ 8
to their supe_,o_du_.ti_, state" Andrews et al 9 amd _.son lO used

niobium nitride in the first superconducting bolometers. More recently.,

Martin and Bloor II developed a submm supe_-o_ductlp_ >olo_eter ,, _ _-'-,......... s__ ......
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She sensitivity cf this detector was about three orders of magnitude

greater than a Golay cell. An NEP _ 3 × lO'13 watt for i cps bandwidth

with a time constant of 1.25 sec was obtained. As is pointed out by

Putley_ ll better performance of this bolometer is conceivable since the

above NEP was obtained with unblackened receiver and with an amplifier

whose noise was about 30 times that of the detector. The disadvantages

of this detector are delicate construction, the requirement of precise

temperature control to within lO-5 OK at 3°7 OK and a long time constant

which, however, can be reduced to about 1 msec by sacrificing sensitivity.

12
Lead and tin are widely used in superconducting bolometers.

9.2.2.2 Carbon Bolometers

It is well known that certain types of commercial carbon resistors

possess a very large temperature coefficient below 20 OK. This effect

was utilized by Clement and Qui_zell in constructing a carbon resistance

thermometerj 13 and by Boyle and Rodgers 14 in making a useful bolometer.

This detector is characterized by an NEP of about one order of magnitude

better than the Golay cell, i.e., 3 × lo-ll W for icps bandwidth with a

time constant of about i mseco The resistance of a typical element is

about lO0 kilohms. Since this detector requires cooling (below the

He-k point of 2o17 OK) many workers prefer to use the required cryostat

with a faster type of detector such as the germanium bolometer described

next, or one of the InSb photoconductive detectors described on

subsequent pages@
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9.2.2.3 The Germanium Bolometer

It has been shown by Esterman and others I07 that certain impurity

concentrations in germanium gave resistance-temperature characteristics

of low temperatures that can be useful in the construction of bolometers.

This principle was utilized by Low lg'16 in the development of a high

sensitivity and a relatively fast response bolometer. The detector

consists of a sample slab (4 by _ by 0.12) mm 3 of gallium-doped germanium

placed in an evacuated and cooled chamber with suitable windows to admit

the measured radiation. The sample is fastened to the walls of the chamber

by coz_ducting electric leads which determine also the thermal conductance

between the sample and the walls which are maintained at a constant tem-

perature. The incident radiant energy is absorbed by the free carriers

in the sample. Since these carriers are tightly coupled to the lattice,

they quickly raise the temperature of the sample and change its resistance.

Low originally reported an NEP of 9 × lO-13W and a time constant of 0.4

msec for a detector operatiz_ at 2.1} oK. The resistance of the detector

was 1.2 X lO4 ohms.

More :recer_tly, Low was able to achieve 17 an NEP = 4 lo-l_w with

a (1.2 x 1.O x 0.36) mm 3 germanium bolometer cooled to 2.0 OK at 1.2 mm

wavelength. _nis indicates an order of magnitude of improvement in the

NEP previously reported. The germanium bolometer is relatively simple

to construct and seems to be the most ser_sitive and fastest of all

the cooled bolometers in use now for wavelengths above 3-9 microns.

Its high sensitivity added to its broad spectral response makes it

particularly suitable for applications in the fields of radiometry,
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spectrophotometry in addition to astronomical and atmospheric observations. 17

Operation at temperatures lower than 2°K could result in higher sensitivities

in certain low background applications such as for IR and millimeter wave

radiometry.

9.2.2.4 The Pyroelectric Bolometer

A study of the performance of thermal detectors will show the

thermistor bolometer to be particularly suited to spacecraft instrumen-

tation. This choice is based _n its relatively low NEP, adequate time

constant, commercial availability in various sizee, ambient temperature

operation, reasonable electrical impedance, which simplifies associated

circuitry, and considerable ruggedness to withstand launching forces.

As is well known, thermistor bolometers have been successfully used in

the Mercury capsule horizon sensors, in the radiometer on board the Tiros

meteorological satellites, and the two channel IR radiometer in the

Mariner II spacecraft. A drawback of the thermistor is the relatively

high power dissipation (typically about 2.5 × lO -3 W) and the negative

temperature coefficient which could result in a runaway situation and

eventual self-destruction of the thermistor. 18 This drawback prompted

researchers to look for devices of equal performance but free of these

drawbacks. This led to the eventual development of the pyroelectric

detector_18,19,20,21, 22)

The pyroelectric detector has been used in the optical region! 23'24'25)-

however, since the pyroelectric effect is basically a thermal effect,

this type of detector is theoretically applicable to any wavelength.

Experimental investigation of the operations of this detector at room
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temperature, at mm and subnnnwavelengths has been conducted by Steir. 26

The detector utilizes a sample of polarizable ferroelectric material

such as a single crystal triglecine sulfate (TGS) or single crystal

BaTiO 3 placed between electrodes connected to a load resistor. The

incident radiation heats the sample thus causing a pyroelectric current

C___
= r_ \--_-]k_._ (9.5)

to flow in the external circuit. Here W is the incident power, Ps is

the saturation polarization, T is the temperature and K is constant

dependent on the heat capacity of the sample and the load resistor.

Since the pyroelectric current, I, is dependent on the time rate

of change of temperature rather than on absolute temperature change,

the response of this detector is relatively fast. Response time of the

order of 30 _sec has been measured in the lower mm regions. Typical

mV

voltage sensitivities in _ of this detector, when connected to a cascade

amplifier, are 7.15 for TGS measured at both 8.15 mm and 4.1 mm, and O.67

for BaTiO 3 measured at 8.15 mm. Current sensitivities of the detector
I

alone are about 1..79 lO -_ _A/mW for TGS at both 8.15 and 4.1 mm wave-

length, and 1.81 lO -5 _A/mW for BaTiO 3 at 8.15 ram. The response time

for the TGS and BaTiO 3 detector is 30 _sec respectively, with a minimum

detectable signal (S/N _ 1 db) of 8 _W for TGS and 87 _W for BaTiO 3.

Measurements performed at 2.14 mm optical and infrared wavelengths with

the TGS detector showed a detector plus amplifier sensitivity of about

one-half that of a conventional crystal detector. Maximum sensitivity

of these detectors is obtained at the Curie point as predicted by
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equation (9.3). Preliminary studies of these noise caaracteristics show

an increase in noise near the Curie temperature.

9.2.2.9 The Ferroelectric Bolometer

This type of bolometer utilizes the large dependence of the

dielectric constant in ferroelectric materials on temperature in the

vicinity of the Curie point. The change in temperature can be produced

by the absorption of electromagnetic radiation. Ferroelectric materials

have a high dissipation factor at mmwavelength. This bolometer has

been constructed 27 with the aim of absolute power measurement at mm

wavelengths (70 to 308) GHz. The operation of this detector can be made

practically frequency independent by proper matching techniques and the

effect of ambient temperature fluctuations can be eliminated through the

use of temperature compensated bridge connections.

Both the absorption of EM radiation and the sensitivity(AC/&T)

(C - capacitance, T - temperature) are greater below the Curie temperature

than above it, therefore ferroelectric materials with high Curie

temperatures are preferable, since both the effect of ambient temperature

fluctuation and absorbed humidity are reduced. Materials suitable for

use in this bolometer are composed of various ratios of PbTi03 and

SrTi03. Po_er sensitivities (AC/&P) of the order of 2._ pf/mW have been

measured 27 at 66, 70, 73, and 93 GHz. The bolometer was tested at

310 GHz sho_ing a 1 pf/mW power sensitivity. Even though the validity

of this figure is questionable due to inaccuracies in the measurement,

it demonstrates that the bolometer operates at 1 mmand perhaps at shorter

wavelengths. The response time of ferroelectric bolometers is very long;

o 3o8 -
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for example,

tso _ = 20 sec, and t90 % = 180 sec

Its frequency independence, however, can make it a useful device for

absolute power measurement and calibration purposes of various mmwave

components. Stabilization and compensation with regard to ambient

temperature fluctuations can probably be achieved in the device.

Accurate evaluation of its operation at submmwavelengths is required.

9-3 PHOTOELECTRIC DETECTORS

Pho_o_]_+_.......... a=+_÷_,v_ _ encompass all those detectors whereby

absorption of photons results in a corresponding change in some inherent

electrical Droperty. Photoelectric detectors can be used for communi-

cations purposes since they have reasonably short response times. In

the followin_ photoelectric detectors are divided into groups

dependir_ on the electrical quantity which is changed by the absorbed

radiation.

9.3.1 Photoconductive Detectors

Photoconductive detectors function on the principle that absorbed

photons cause a corresponding change in electrical conductivity. Of

primary importance is the selection of a suitable material such that

high sensitivity and fast response can be attained. The difficulty in

detecting electromagnetic radiation in the millimeter wavelength range

is that the corresponding photon energy is low (1.2 X 10 -3 ev for

k = i mm), requiring the use of materials whose activation energy between

the bound and free (conductive)state of the electron is smaller or equal
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to the incident photon energy. Because of such small activation energies,

it_is_necessary to resort to cooling in order to minimize thermal lattice

vibrations which are capable of exciting electrons into the conduction

band.

Five essentially different mechanismswhich have been exploited in

the construction of millimeter and submillimeter photoconductive detectors

are as follows.

9.3.1.1 Impurity Activated Germanium

Impurity elements from IIIA and VA colunms of the periodic table,

such as indium or antimony, which have an activation energy of about

O.O1 ev have been used as activators. They are susceptible to photo-

ionization up to wavelengths of 0.12 mm. An antimony-activated germanium

detector has been studied by Fray and Oliver. 28 Bratt and Giggey 29

studied antimony and indiu_ activated germanium, while indium boron

3o
and gallium activated germanium detectors were studied by Shenker,

who achieved a peak detectivity of _ 1.2_ loll(cm-cpsl/2/watt) at O.1 mm

with boron-activated germanium and peak detectivity of 3.1 l0 ll

(cm-cpsl/2/watt) with gallium-activated germanium at k - 0.104 mm.

Best results seem to be obtainable with p-type elements. The time

constant of boron-doped germanium detectors investigated by Shenker

was of the order of 8.7 X lO -9 sec at low electric fields and increases

to more than } x lO "7 sec at fields close to breakdown fields. Copper,

gold, mercury, indium and cadmium activated germanium detectors are

available commercially.* A list of such detectors is given in Table 9.1.

Representative spectral responses of the Raytheon QKN-IO09 (Cu: Ge)

* Raytheon Co. Special Microwave Devices Operation, 130 Second Ave.,
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Waltham, Mass.
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and the QKN-II79 (In: Ge) detectors covering the 2-I00 _ range are shown

in Fig. 9.11. Improvements in the operation of impurity-activated

germanium detectors may be possible through tile use of neutral dopants,

• _0
such as zinc which appears to hold some promlse. _ Material preparation

techniques are expected to contribute some improvements also.

9.3.1.2 Impurity Activated indium Antimonide

To obtain _notoconductivity at longer waveler_ths (lower photon

energies) indium antimonide has been found to be a suitable material

_J

in which impurity ionization energies of the order of 6 x l0 _ ev

can be attained. With this low ionization energy, the detection capabil-

ities of this material extend to wavelengths of 2 mm. 31 Because of

the large radius of the ground state of an electron of an impurity

atom in indium antimonide, it is possible for bound electrons to "hop"

to adjacent impurity conduction and is dominant in impurity-activated

indium antimonide even at very low temperatures. By applying a magnetic

field to the sample, impurity conduction can be sufficiently reduced

so that impurity ionization can be observed. 32

_ne first indium antimonide detector was successfully constructed

and tested by Putle_3'34'l12who reported a peak detectivity of

2 X l0 II (cm-cpsl/2/watt) at a wavelength of 1.5 mm. _nis detector is

sensitive down to about 0,1 mmwhere the detectivity is 3 X l0 l0

(cm-cpsl/2/watt). Optimum sensitivity was obtained at 1.5°K and 5-6 kG

magnetic field strength. Putley observed in his work a small photosignal even

in the absence of a magnetic field; also sufficient photosignals were observed
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Type

Sensitive

Element

Spectral

Response

2-15

2-30

2-15

2-30

QKN902

C_KNI009

QKNI207

QKN1208

QKN748

QKN884

QKNIO03

QK_1004

Q_1204

QKN1205

Q_IO05

QKNI006

QK_1206

_N1227

QKN961

Q_IO07

QKNI008

Q_I179

Cu:Ge

Cu:Ge

Cu:Ge

Cu:Ge

Au:Ge

Au:Ge

Au:Oe

Au:Ge

Au:Ge

Au:Ge

Hg:Ge

Hg:Ge

Hg:Ge

Hg:Ge

Cd:Ge

Cd:Ge

Cd:Ge

P-type
In:Ge

2-9

2-9

2-9

2-9

2-9

2-9

2-15

2-i5

2-15

2-]-5

2-15

2-25

2-25

2_-15o

Window
.Material

Ba F2

KRS-5

Ba F2

KRS-5

Si2

Si2

Ba F2

_F 2

Ba F2

_F 2

Ba F2

Ba F2

Ba F2

KRS-5

KRS-5

KRS-5

Time

Constant

(_ sec)

<i

<i

<I

< 1

<i

<i

<i

<i

<i

<i

<I

<I

<i

<i

<i

<i

<i

<I

Typical

Detectivity
D*

(cm-c__2w)
1.0 x I0I0

1.0 x I0I0

1.0 x i0I0

1.0 x i0lO

2.0 x 109

2.0 x 109

2.0 x 109

2.0 x 109

2.0 x 109

2.0 x 109

8.0 x 109

8.0 x i09

8.0 x l09

8.0 x i09

8.0 x 109

8.0 x 109

8.0 x 109

2.8 lo9

Cperati_
Temp.°K

< 17

< 17_

< 17

< 17

65-78

65-78

65-78

65-78

65-78

65-78

< 35

< 35

< 55

< 35

< 25

< 25

< 25

4.2

Respon-

iivity
_V/W

lO4

IO4

104

5 x 103

5 x 103

5 x lO3

5 x lo3

5 x 103!

5 x lO3

104

104

104

104

104

104

104

i Detectivity, D*. Values given for D* must be qualified by test conditions

I
I

I
I
!

I

I
I

I
!

I
I

normally given as specified black body temperature OK, chopping frequency

in cps, and bandwidth in cps. In this case, 500°K, 900 and 1 respectively.

2 Antireflective coated

Table 9.1 Specifications of Impurity Doped Germanium Photoconductive
Detectors (Raytheon)
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up to wavelengths as long as 8 mm in the presence of magnetic fields.

Since the magnetically induced impurity ionization energy was 6 x lO-4ev

(a wavelength limit of 2 mm), no response was expected above X= 2 mm.

These observations were interpreted to be due to a free carrier absorption

mechanism to be discussed next.

9.3.1.3 Free Carrier Absorption Detector (Free Electron Bolometer)

Upon absorbing a long wavelength photon, a free carrier can make

a transition to a higher energy state in the conduction band, in which

state it may have a different mobility which brings about the obse_¢ed

_._6
change in conductivity. The expected magnitude of this effect .... in

high purity indium antimonide was found by Rollin 3_ to be sufficiently

large to render the phenomenon useful.

Assuming the limitir_ noise to be Johnson noise, an expected

minimum detectable power of h X l0-14 (Af) 1/2/ watts was calculated by

Rollin. Experimental verification 37 of these predictions suggests that

shhigher magnetic fields (> lO kG) photoconductivity of InSb in the

millimeter wave region is due to an increase in the free-carrier concen-

tration rather than an increase in the free-carrier mobility as is the

case in the free-electron bolometer detector. The free-carrier absorption

mechanism in InSb is the principle of operation of the Raytheon QKN-1304

photoconductive detector. This detector is marketed with its cryogenic

system and is capable of achieving a maximum detectivity of 3-7 x l0 ll

(cm-cpsl/2/watt) in the absence of arj magnetic field. The specifications

I

an_ spectral response of this detector are given in Table 9.2 and Fig. 9.11.
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Type

Qm_1304

+

Sensitive

Element

n-type
InSb

Spectral

Response

(=)

•15 - io

Window

Material

Crystaliue

quartz and

cooled

Polyethe-
lene filter

Time

Constanl

_sec

<l

Typical

Detectivity
D*

(cm-cps_2/watt )

D*(4mm, lO00,1)

and 300°K back-

groun_

4 • 8 io I0

Operating

Temperature

OK

4.2°K (liquid

helium)

D* (k, I000, i) is greater than i08 (cm-cpsl/2/watt)

Tabl@ 9.2 Specification of Raytheon InSb Photoconductive Detector.

9.3.1.4 Narrow-Band Tunable Millimeter and Submillimeter Detectors

The first tunable narrow-band mm wave detector was built and tested

by Godwin and Jones. 38 The mechanism responsible for detection is cyclotron

resonance, which increases the free carrier absorption coefficient at a
\

particular wavelength,

k = 2rm (9.4)
c 03

C

where

eB
03 = (9.9)

c m*c

is the cyclotron frequency. Here B is the magnetic field induction,

m* is the effective carrier mass, e and c having their usual meaning.

Quantum theory predicts the quantization of cyclotron orbits,

i.e., orbits of only discrete energy levels and radii are possible.

The allowable energy levels are given by

E = _ (n + 1/2) n = 0, 1, 2 --- (9.6)
n c
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In a semiconductor when _ > 1/T (where T is the mean time between col-
e

lisions), this quantization is possible, and well defined allowable

energy levels (Landau splitting) will occur in the conduction band.

At low temperatures, the majority of free carriers occupy the

lowest Landau levels. Upon absorption of radiation of energy equal to

_c' which is the transition energy of the next higher Landau level,

these carriers will make a transition, and, provided the carrier mobility

is different in this higher level, photoconductivity will be observed.

The absorption occurs over a narrow band centered about k • By adjusting the
C

magnetic field one can see from eqs. 9.4 and 9._ that the wavelength k
c

of maximum absorption can be altered.

A maximum detectivity of l0lO (cm-cpsl/2/watt) was obtained by

Goodwin and Jones 38 with n-type germanium at a temperature of 4.2°K

and wavelength of 8.8 _m. Resolution of about 0.05 k was attainable.
c

Cyclotron resonance of bound carriers in n-type indium antimonide

served as the basis of a tunable detector developed by Brown, Kimmet, and

Roberts 39 who obtained tunability from 0.06-0.2 _mby varying the

magnetic field from 7 to 25 kG at an operating temperature of 4.2°K.

The resolution of 0.1 k and the detectivity ranged approximately from
C

3 X 10 II to 6 X l0 ll (cm-cpsl/2/watt).

9.3.1.5 The Superconductive Detector

The superconductive detector proposed by Burstein, Langenbert, and

40, 41
Taylor, at the University of Pennsylvania, utilizes the Josephson
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effect- as a principle of operation. It consists of a superconductor-

metal oxide-superconductor sandwich. With proper bias, electrons excited

by incident radiation into the conduction band of one superconductor

tunnel through the potential barrier into the second superconductor

producing a current in the external circuit. The expected signal-to-

noise ratio for this detector was computed by the authors, who show that

when the generation-recombination noise is the dominant noise source of

the detector, the expected signal to noise ratio is about lO0 times smaller

than for impurity-doped germanium photodetectors. In order to obtain

reasonable sensitivities with such detectors, one may need to use

temperatures below l°K and produce multilayer structures with composite

thickness of the order of lO0 A °. This type of detector looks promising

enough to justify further development. A well-run fabrication process

is expected to have a 50% yield of good junctions.

The nonlinear properties of the Josephson junction (43'44'45'46'47)

can be utilized in the construction of a combined local oscillator-mixer

in a superheterodyne receiving scheme. The junction would be biased

where fin this case to generate oscillations at frequency fs fif s

is the signal frequency coupled into the junction and fif is a con-

venient IF frequency. The combined local oscillator-mixer configuration

is obviously attractive. However, any advantages of sensitivity and noise

43
of this coherent detector over bolometric detectors remains to be seen.

Its low operation temperature and low impedance suggest low noise per-

formance.
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9.3.2 Photoemissive Detectors and Photodiodes

The use of electron emission from photocathodes in vacuum in

detecting near infrared radiation has been a well-established art for

some time now. The principle of detection depends upon the ability of

an incident photon to transfer its energy to an electron near the photo-

cathode surface. If the acquired energy of the electron is greater than

the work function of the photocathode material, the electron will be

emitted. Since the photon energy at submillimeter wavelengths is so

small, a material with an extremely small work function is required.

At the present time, no detectors of this type in the submillimeter range

are known.

It might prove to be worthwhile to give some attention to the

phenomenon of tunneling of electrons into vacuum from tunnel cathodes.

The point in question here is whether the effect of mmwave radiation

on the tunnel current, by virtue of internal photo-emission, is sufficient

to render the mechanism useful.

It is possible that better understanding of surface phenomena

could result in uncovering photoemissive surfaces capable of functioning

farther in the IF than what is possible today.

9.4 SEMICONDUCTOR DIODE DETECTORS AND MIXERS

Extending the operation of diode detectors so widely used in the

microwave region to mmand submmwavelengths is very attractive for the

following reasons:

1. Diodes can be employed in the construction of highly sensitive

and broadband mm and submm wave video and superhetrodyne detection systems
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which are the backbone of high resolution radars, sensitive radiometers,

large capacity communication links and spectroscopic studies.

2. Unlike photoconductive detectors, which require cumbersome

cryogenic systems for their operation, diode detectors operate at room

temperatures.

3. No external magnetic field is required as is the case in the

majority of mm and submm photoconductive detectors.

4. The response time is short.

9.4.1 Point Contact Diode Detectors*

The well-known equivalent circuit of a semiconductor point contact

diode, Fig. _.l, has been shown by Bauer, eta] 49 to hold down to

wavelengths of about 0.5 mm (600 GHz). Below wavelengths of i cm,

degradation occurs in the performance of diode detectors due to the shunting

effect of the barrier capacitance Cb and the losses in the spreading

resistance R .
s

R
S

Cb

L II
O

Fig. 9.1 Equivalent Circuit for a Semiconductor Point Contact Diode.

I
I

I
I
I

I

i
I
I

I

I
I

I
I

* Since the whisker in the majority of mm and submm diodes is welded to

the semiconductor by passing a current through the contact, forming

thus an alloyed junction, these diodes are frequently referred to in

the literature as "Alloyed Junction Diodes."
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In video detection it is necessary to reduce the diode parasitics

Cb and Rs to a minimum. When the diode is used as a mixer, the conversion

loss and diode noise temperature determine the quality of the diode.

Both of these quantities are dependent on the diode parameters shown in

Fig. 9.1. Point contact diodes were used in 1954 by King and Gordy as

video detectors down to wavelengths of 0.5 mm. 53 However, since these

workers were concerned with spectroscopy, where relative absorption is

important, no efforts were made to evaluate the sensitivity of these

early submm detectors. King and Gordy minimized the parasitic effects

mentioned above by bringing the whisker point, usually formed by electro-

lytic etching, and the semiconductor crystal into contact in the waveguide

itself with the aid of differential drive mechanisms. Naturally, such

an arrangement is not rugged and a trial and error approach for making

the correct rectifying contact between whisker and semiconductor was

necessary. The present day state of the art of mm and submmwave

point-contact detectors stems from the combination of the Gordy detector

principle with:

a) Special contact forming techniques with the aid of high

precision differential mechanisms and capacitor discharge

to weld the whisker to the semiconductor, thus providing a

more rugged contact

b) advanced semiconductor technology and Use of intermetallic

semiconductors such as indium-antimonide, which has far

higher carrier mobility than germanium and silicon, and,

therefore, better performance at higher frequencies, and
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c) low loss electroformed waveguide components which are used to

increase mount efficiency.

The integral diode-waveguide structure is often hermetically sealed

in an inert gas such as dry nitrogen to reduce environmental effects on

the contact, and one mil mica windows are used to seal the waveguide ports

(see Fig. 9.13). Development of the original King and Gordy millimeter

wave detector _4 made at Electronics Con_n., Inc. (now Advanced Technology

Corp., Timonium, Maryland) resulted in measured sensitivities of the

order of l0 -ll watt at 140 GHz for a signal-to-noise ratio of unity (the

amplifier used in this measurement had a bandwidth of 4 cps). Analysis

indicates that the higher the conductance of the crystal material used in

l

point contact detectors, the shorter is the wavelength at which the opera-

tion of the detector begins to deteriorate. 55 Optimum crystal materials

and detector mount configurations for low noise mm detectors (240 • 20 GHz)

were investigated by Valkenberg. 55 Out of 15 semiconductor materials

investigated, three exceed a sensitivity of lo-lOw for signal-to-noise

ratio of unity and post detection bandwidth of 1 cps. A crystal mount

similar to the one used by King and Gordy was used. The three crystal

materials are all p-type, and the values of the maximum sensitivity

achieved with each are given in Table 9.3.

Material

silicon

lead selenide

bismuth telluride

Sensitivity (watts)

-ii
2x i0

2 x i0 -II

6.32 x i0 -II

Table 9.3 Sensitivities of Point Contact Diodes
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The whiskers used had a diameter of 0.001" and were mostly tungsten,

although phosphor bronze was also used with the softer crystal materials

tested. The results of this development program indicated that further

improvement in sensitivity could be achieved by:

i. usir_ epitaxial layer crystals

2. using thin film techniques

3- growing semiconductor whiskers which can be run in on

metal posts to form the point contact diode

4. using ultrasonics to weld the whisker to the crystal

instead of the capacmtance discharge method.

Millimeter and submillimeter video detection, superheterodyne

detection, and harmonic generation are the areas where the point contact

diode finds its major application. The first two areas are within the

scope of this chapter and shall be discussed next.

9.4.1.1 Video Detection

Video detection is a term applied to applications of crystal

diodes used for direct amplitude demodulation of a received signal.

Since these are essentially low level rectifiers, it is

required that the diode operating point be as close as possible to the

forward knee of the I-V characteristics of the particular diode.

Naturally, a diode can be biased to such an operating point. However,

since the i/f diode noise is directly proportional to the dc bias

current, this approach will result in an increase in the diode noise

figure. Furthermore, signal loss through the biasing circuit will

result in reduced sensitivity. It is for this reason that diodes most
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suitable for video detection are those that do not require any biasing

since they possess an I-V characteristic with a forward knee very close

to the origin. Both Ge and GaAs backward diodes (tunnel diodes with very

low peak current in which the normally reverse tunneling current provides

the forward conduction current) and p-type point contact silicon diodes

are particularly suitable for use in video detectors, since their forward

conduction begins at low voltages. 56 It is customary to differentiate

between voltage video detectors (high load impedance across the diode)

and current video detectors (low load impedance). Normally, higher

sensitivities are achieved with voltage video detectors, and better time

response of the order of nanoseconds with current video detectors. Video

detectors have been successfully employed in the detection of incoherent

radiation at 3000 GHz (0.1 n_n).57 Measurements of the output voltage and

current versus input power for various video detectors has been performed

by Barrus 56 at mm wavelengths. These results (see Fig. 9.2 and 9.3)

indicate that the p-type Ge hot carrier diode has the best performance

among the voltage video detectors due to its good sensitivity and inherent

resistance to burnout (see section 9.4.2).

On the other hand, n-type Ge backward diodes seem to be particularly

suited for video current detection due to their good low level sensi-

tivity and low 1/f noise. Silicon-tungsten junction video detectors have

been fabricated commercially for operation up to 420 GHz. 49 The

tangential sensitivity of these detectors is theoretically inversely

proportional to the square of frequency. Measured tangential sensitivity

of about -52 dbm (video bandwidth = 1MHz) has been achieved at 94 GHz.
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This is about ll db better than the tangential sensitivity of an appropriately

biased identical detector employing GaAs as the semiconductor. 49

Typical values of noise equivalent power (NEP) for these detectors

of 1.6 x l0 °12 and 5 x l0 -12 have been measured by Bauer 49 at 140 GHz

(_ 2 mm) and 280 GHz (_ i _m) respectively. These results are comparable

to the NEP of the Putley photoconductive detector. 33'34 Furthermore,

the results indicate significant improvement on the first detailed

measurements of the NEP of video point contact receivers that were

conducted by Meredith and Warner 50 in 1963, who reported an NEP of

2.5 X 10-1_and 4 X 10-gw at 2 mm and 1 mm respectively for a GEC

VX 3352 germanium rectifier.

Tunnel diodes have been successfully employed in detection and

mixing at microwave frequencies. At mm and subn_nwavelength the

operation of a tunnel diode is curtailed by the junction capacitance of

the diode. Although difficult, the reduction of this capacitance is

feasible. A specially fabricated tunnel diode with reduced junction

capacitance, integrated with waveguide sections, has yielded encouraging

results as a 55 GHz detector and mixer. 73 The material used was gallium

antimonide with an impurity concentration of about lol8/cm 3 a_d a

resistivity of 0.001-0.0025 ohm/cm. The diode was formed by passing

a current pulse between the semiconductor and a zinc wire. The output

voltage of such a diode is about 15-22 db higher than an IN53 diode at

55 GHz. The fabrication of tunnel diodes operable in the submmwavelength

is dependent on attaining low junction capacitance and low series

resistance. This seems to be possible with present day technology.
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Video detectors can be incorporated with solid state broadband

preamplifiers and video post detector amplifiers in the construction of

compact and sensitive mm and submm receivers and radiometers that

operate at room temperature and have low dc power requirements.

9.4.1.2 Superheterodyne Detection

In the last two years a good many advances have been made in the

area o_ mm and submmwavesuperheterodyne detection, which have been

stimulated by:

a) the desire to extend the well-knownadvantages of super-

heterodyne receivers to the mmand submmwavelength range

b) pressing demands for more sensitive detection schemes in

the fields of astronomy, spectroscopy, radar, atmospheric

propagation studies and space communication

c) the gradual availability of mixers and other components,

such as waveguides and local oscillator sources necessary

for the construction of _ and submmwavelength receivers.

A major obstacle encountered in the construction of superheterodyne

receivers in this wavelength range is local oscillator noise suppression.

At longer wavelengths, L.0. noise suppression is achieved normally by

balanced mixing which requires the use of diode mixers with identical

RF and IF characteristics. At shorter wavelengths, construction of

balanced mixers becomes increasingly more difficult. However, with the

repeatability of mixer performance available currently, 49 balanced

mixing is now feasible through the mmwavelength region. In the submm

wave region other methods of L.0. noise suppression have been used.
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Since, in addition to L.0. noise, excess IF noise is usually generated in

the crystal mixer, and since a portion of this shows the familiar i/f

frequency dependence, it has been recognized 58'59 that an alternative

method of noise suppression is to construct receivers with higher inter-

mediate frequencies. This has the additional advantage of providing wider

bandwidths.

These intermediate frequencies are normally well above the

frequency range where the diode I/f noise is appreciable, allowing dc

biasing of the diode to reduce the conversion loss. Typical dependence

of mixer diode noise ratio on L.O. power and on intermediate frequency

is shown in Fig. 9.4, which indicates that an intermediate frequency of

about 2 GHz and L.O. power between +3 dbm to +7 dbm results in a minimum

crystal noise ratio, and therefore, in a minimum conversion loss at the

frequency considered (94 GHz). Typical dependence of conversion loss on

bias and L.0. power are shown in Figs. 9.5, 9.6, and 9.7 for both fundamental

and harmonic mixers. The conversion loss of these mixers at various

frequencies is shown in Figs. 9.8 and 9-9-

The sensitivity of a superheterodyne receiver is usually described

in terms of the absolute noise temperature 62'63

= - + L ( - l) T (9.6)*TR (F c l) T o c FIF o

Equation (9.6) is for an image blocked receiver. The corresponding

equation for a double band receiver of noise figure F is
C

+ -l) TTR : (Fc - 2) To Lc(FIF o
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where

(F c - l) = the excess mixer noise figure (image blocked receiver)

L = mixer conversion loss
C

F c = crystal noise figure = I_ L where NIl is the crystalc
noise ratio

FIF = IF amplifier noise figure

T o = the ambient temperature __ 290°K

The noise figure of the receiver can be obtained from eq. (9.6)

temperature

%
FR= i+ 9--

O

Then, from (9.6)

%
- FR - 1 = (<_._m-l) + Lo (FF - 1)

O

or

FR = Lc(_ + FIF- l) (9.7)

Equations 9.6 and 9.7 indicate the major role played by the crystal

diode mixer in determining the receiver noise temperature or noise

figure. The effect of the mixer enters through the conversion loss L
C

the crystal diode noise figure F or noise ratio NR. The conversion
C

loss is related to the mixer diode parameters (see Fig. 9.1) and to

the signal frequency b_ 0J 91,92
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Rs co2 2Lc(_) = Loo l + % Cb _s%
+ (9.8)

in which L is the conversion loss with zero spreading resistance,
CO

i.e. due to the barrier alone.

The minimum conversion loss occurs when Rb = l/_Cb and is given

by

Lc(d_)mi n = Lo(I + 2_RsC b) (9-9)

It is well known that P_ and Cb decrease monotonically as the local

oscillator power level is increased, while R increases with L.O. power.
S

Thus, eqs. 9.8 and 9.9 indicate that in order to minimize the conversion

loss at higher frequencies, it is desirable to minimize Cb and provide

optimum L.O. power if available. In the case of point contact diodes,

this optimum power can be greater than the burnout value. In this sense,
L

one can see the advantage of electrically rugged diodes, such as the hot

carrier diode that will be discussed later in this section.

and can normally be determined fromThe parasitic quantities R s Cb

a knowledge of the semiconductor barrier height, the dielectric constant,

the carrier density, the resistivity and from the radius of the welded

contact between the whisker and the semiconductor.

Using the results of microscopic measurements of the radius of

6O
several whisker points, values of Rs and Cb were calculated by Bauer

for a GaAs diode. Typical values are Rs = 18 _, Cb -- .01 pF, for a

GaAs diode whose _ was shown to be 167 _ and whose It was shown to
min

be 3.8 db. Using these values of diode parameters in eq. 9-7, a conversion
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loss of 4.65 db was calculated for a frequency of 94 GHz. This figure

agrees well with the best measured conversion loss of a 94 GHz mixer

diode reported. 60

The crystal diode noise ratio (the normalized crystal noise temp-

T

erature t c =__CT ) is determined by the series resistance Rs + R b of
O

Fig. 9.1. The crystal noise is generally dependent on the L.O. power

level and is comprised of a complicated combination of thermal noise

in the spreading resistor, shot noise in barrier resistor and 1/f

semiconducto_ noise. Typical values of mm and submm crystal mixer conversion

loss and noise ratio are given in Tables 9.5 and 9.6. T_ble 9.4 shows

conversion loss and noise ratio in the (50-600) GHz frequency range with

various crystal diodes and includes the characteristics of the superhet-

erodyne receivers in which these mixers were combined. The receiver

noise figure and the noise equivalent power were computed using eq. 9.7-

Wherever assumed values of Fif (the IF amplifier noise figure) were used,

these values were chosen to represent amplifiers commercially available

at the various intermediate frequencies.

Superheterodyne receivers are widely* used as Dicke-type radiometers 61

for the measurement of thermal radiation at mm and submm wavelengths.

In this application the performance of the receiver (radiometer) is speci-

fied by means of the minimum discernible rms temperature change.

AT _ k )i/2 (9.10)

Incoherent detectors such as Low's germanium bolometer are also used in

radiometers.
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In eq. 9.10, TAR is the radiometer system equivalent noise temperature,

given by TAR = TR + TA where TR and TA are the equivalent noise tempera-

tures of the receiver and the antenna respectively. _ is the effective

noise bandwidth of the IF amplifier (predetection network), • is the

output integration time constant of the radiometer and k is the radiometer

constant dependent on other characteristics of the radiometer 62 and is

of the order of unity. (For further information concerning radiometry

and factors determining the antenna temperature, see Chapter XI of this

report ).

_pe Frequency Conversion Loss (dB)

IN 2792

IN 2792

IN 2792 A

IN 2792 B

7O

14o

70

7O

16

25

14

13

Table 9-5 Conversion Loss of Philco Germanium Mixers
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a) Single Ended

Model No. Waveguide

RG-96

RG-97

Ra-98

RG-99

WR-10

RG-138

RG-136

Frequency

Range

(a z)

P_*+ Conversion Loss (dB)

Typical Maximum

M-96

M-97

M-98

M-99

M-IO

M-38

M-36
i

26.5--40

33--50

50--75

60--90

75--110

90--140

110--170

Bandwidth

(a z)

6

6

7

8

8

9

i0

6.5 8.0

7.0 8.5

7.5 9.0

8.5 io.o

9.5 ll.0

10.5 12.o

11.5 13.0

* Fixed Tuned

+ Tunable units are also available with slightly reduced instantaneous

bandwidths.

A nominal 50 ohm IF output impedance is provided when used at recommended

microwave intermediate frequencies. (Microwave intermediate frequency outputs

are recommended for single ended mixing so that the L.O. noise contribution

remains a negligible fraction of the crystal noise ratio, i.e., an over-all

NR < 2.0). These mixers are designed to provide a very large instantaneous

IF b--andwidth (0.5-1.0, 1.0-2.0, 2.0-4.0 and 4.0-8.0 GHz) and hence are

suitable for such applications as high sensitivity radiometers and as

receivers for wide band or extremely short pulse systems.

b) Balanced

Model No.

M-96H

M'97H

M-98H

M-99H

M- lOH

M-38H

Wave_uide

RG-96

RG-97

RG-98

RG-99

WR' I0

R0-138

Frequency

Range

26.5--40

33--50

50--75

60--90

75--ii0

9o--14o

p_*+

Bandwidth

(a z)

6

6

8

8

9

i0

Conversion Loss (dB)

Typical Maximtum

6.5 8.0

7.0 8.5

7-5 9.o

8.5 1o.o

9;5 11;o

10.5 12.0

* Includes RF and IF hybrids

A nominal 50 ohm IF output impedance is provided when used at recommended

frequencies. The recommended intermediate frequency will depend to some

extent on the signal frequency used, e.g., 60 MHz (min.) for 35 GHz, i00 MHz

(min.) for 60 GHz, 200 MHz (rain.) for 94 GHz, and 300 MHz (rain.) for 140 GHz.

Using these intermediate frequencies as the lower band edge of the IF

bandwidth, large instantaneous IF bandwidths can be utilized (0.1-0.2, 0.2-

0.4, 0.2_-0.5, 0.5-1.0, i-2, 2-4, and 4-8 GHz). IF bandwidths greater than

one octave are available on special request.

Table 9.6 Characteristics of ADTEC Millimeter Wave GaAs Mixers
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It is worthwhile to point out that coherent detection systems are

phase sensitive and have faster response than incoherent detectors.

Minimum discernible rms temperature changes ranging between a few tenths

of a degree to ten degrees have been achieved in the 35-600 GHz frequency

range. The characteristics of the radiometers with which these values

of AT were accomplished are given in Table 9-7.

Both equations 9.8 and 9.11 indicate the direction of future

developments in the area of superheterodyne receivers. Both lower

con-_ersion loss and crystal noise ratio, and low noise IF amplification

are essential for obtaining a lower receiver noise temperature and,

therefore, lower noise figure. Development of solid state sources

+ 68
operating in conjunction with high efficiency varactor harmonic generavors

and balanced mixers will contribute considerably toward achieving this

aim. A comparison of the capabilities of present solid state sources with

other "conventional" sources is shown in Fig. 9.10. Wideband low-noise

solid-state parametric and tunnel diode amplifiers with octave bandwidths,

operating at frequencies in the GHz region, and noise figures of the

order of a few db at a gain of tens of dbs are being developed. 16'69

The low IF impedance of present day mm and submm mixers provides good matching

to such solid state IF amplifiers. The broad bandwidth provided by these

amplifiers is useful in lowering the minimum discernible rms temperature

change in radiometers and in providing high capacity commu__ication links.

Totally solid state receivers would be particularly suited for use in space

vehicles due to their expected lower weight and power requirements, and

the ability of solid state components to withstand launching forces.
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In the laboratory, small size solid state receivers could be completely

coQled, resulting in considerable reduction of the overall noise tempera-

ture. Reduced temperatures achievable in space vehicles by radiative

cooling could also be used to lower the noise temperature of any receivers

on board.

9.4.2 Hot Carrier Diode Detectors

Millimeter wave detection, mixing, and harmonic generation using

the thermoelectric effect of hot carriers in semiconductors has been

proposed by Harrison and Zucker. 70,71,72 The basic concept in this

device consists of the fact that the application of an electric field

to a semiconductor causes the free charge carriers to acquire a non-zero

momentum, and are displaced from the minimum energy (_= O) point in the

_space by an amount proportional to the applied electric field. If,

then, the geometry of the device is such that a strong dissymmetry

exists between the two electrodes, such as an ohmic point contact on

one side and a plated contact on the other side, a large gradient of

electric field will exist between the two electrodes. This will clearly

be accompanied by a large gradient of the free carrier temperature, which

will result in a rectified thermoelectric voltage similar to the well-

known conventional thermoelectric effect. The basic difference in this

case, however, is that since the change of temperature affects only the

charge carriers and not the crystal lattice, the response is very fast

and can follow changes in the square of the electric field up to

several hundred GHz.
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It has been shown 72 that the ratio of the change in lattice

temperature, ATHL , to the change in electron temperature, ATe,

AT e

is of the order of 10 -9 for Ge and Si. For a device configuration where

one of the electrodes is a point contact of radius rl, the majority carrier

density is n, the energy relaxation time is x and the applied RF power is
e

P_

PRF re
Am _ {O.ll l

e 3 _cnlc_]_3

and the thermoelectric voltage Vth is approximately given by

.Vth = . (3 kToEF Te PRF3 (9.12)
3_n e r1

where To is the room temperature and EF is the Fermi energy measured

from the conduction band edge.

It should be noted that the rectified thermoelectric voltage is

such that the dc potential on the metal point with respect to the bulk

is opposite to the sign of the majority carrier. On the contrary, in

the case of a Schottky barrier detector, the polarity of the dc potential

at the metal point is the same as the sign of the majority carrier.

The thermoelectric _ will follow the instantaneous power

variations if the period of the latter 1/2f is long compared to both

_e and _d = Po E, where _d is the dielectric relaxation time, Po is the

resistivity and e is the dielectric constant of the semiconductor.
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For practical Ge devices operating at room temperature, i/_ and i/_ de

are of the order of a few hundred gigacycles.

Hot carrier detection, mixing and harmonic generation have been

experimentally obtained up to 210 GHz. 71

With 70 GHz power input for a p-type 35 ohm-cm germanium hot-

carrier microwave detector at room temperature, the typical sensitivity

is approximately I0 mV/_W.

The input impedance is found to be independent of the input level

for a variation of the latter from i0 _W to 30 mW. This fact enables

matching of this detector and, therefore, maximum sensitivity of a range

of input level.

The continuous use of a typical hot carrier microwave detector has

shown negligible aging effect, indicating good reliability.

By increasing the point contact diameter and/or by reducing the

semiconductor resistivity, the linear range (i.e. square law operation

range) of the hot carrier Ge detector can be extended up to input power

levels of 5 mW. 71 A 2 ohm-cm p-type germanium detector incorporating a

relatively blunt tungsten point proved to be essentially square law up

to 5 mW input power at 70 GHz, 71 with a responsivity of 30 mV/_V.

An experimental 70 GHz superheterodyne receiver incorporating an

InSb hot carrier mixer operated at 77°K was constructed and tested by

the above authors. It had a noise figure of approximately 23 db which

is 6 db higher than a receiver employing a Schottky barrier mixer at

room temperature. Since the minimum detectable signal of the hot carrier

diode is inversely proportional to the semiconductor mobility and directly

- 342 -
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to its conductivity, 72 the use of InSb with higher mobility and/or lower

conductivity is expected to improve the noise figure by about 6 db over

figures previously reported. _ The low IF impedance of hot carrier diode

mixers is particularly suitable for matching to low noise solid state

IF amplifiers.

In conclusion, the hot carrier diode has some very attractive

features such as: (a) frequency independent sensitivity that is high

at room temperature and can be further enhanced by cooling, (b) input

impedance that is independent of input power level which, therefore,

facilitates construction of receivers with wide dynamic range, and

(c) the relatively large area under the point contact results in diodes

with high resistance to burnout and thus high reliability. This resis-

tance to burnout is particularTyuseful in the diode as a mmwave mixer

where dc biasing and L.O. power level that are required for optimum

operation could exceed the power levels of the delicate mm and submmpoint

contact diodes. Hot carrier diodes are available commercially in cartridge

form for microwave application. In view of the good qualities of this

diode, further efforts towards the extension of its practical use to

shorter wavelengths are highly desirable.

9.5 BULK SEMICONDUCTOR DETECTORS

9.5.1 Heterodyne Down Convertors

The idea of heterodyne detection (mixing) in bulk semiconductors

was first proposed by Rollin. 35 Such bulk semiconductor mixers would be

rugged both electrically and mechanically, have good dynamic range, could

be easily matched over large bandwidths and easily incorporated in oversize

343 -
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waveguides. Mixing is due to the nonlinear character of the "photoconduc-

tivity of the second kind"* in the bulk semiconductors such as n-type

indium antimonide cooled to liquid helium temperature and in_nersed in a

magnetic field.

Heterodyne mixing in InSb has been reported recently by Arams and

coworkers_ 4 Surprisingly low conversion losses as low as 12 db (corrected

from 18 db measured) have been achieved at 8 mm (30-40 GHz) with n-type

indium antimonide at 4.2°K. Both local oscillator output and the signal

were made incident on a bulk InSb sample placed in an RG-96/U waveguide.

The IF signal was obtained through ohmic contacts on two opposite faces

of the sample that are used for dc biasing also. The relaxation time

of hot electrons to the lattice restricts the IF frequency. This relaxa-

tion time is the order of lO -7 sec at liquid helium temperature which

allows an IF frequency of about 1.5 MHz. A minimum conversion loss of

18 db was measured at 4.2°K in the presence of 12 kG magnetic field aligned

parallel to the dc bias current direction in the sample. Superheterodyne

mixing in bulk InSb has been extended recently ll5 by Putley to the 1 mm

wavelength region. An improvement of about six orders of magnitude over

the sensitivity of the InSb video detector has been attained enabling

detection of signal power as low as 1.7 lO -18 watt.

Post-threshold amplification, oscillation and mixing in bulk GaAs

has been demonstrated by Hakki 75 at microwave frequencies. In this

significant experiment an n-type GaAs sample 54 microns thick was placed

* Raising of the effective temperature of the free electron by RF power
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I
absorption. These hot electrons have increased mobility which increases

the conductivity of the sample (see ref. 36).
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in a cavity at room temperature. The sample was dc biased to oscillate

at 3.622 GHz, which was used as a local oscillator. An external signal of

6.114 GHz was injected into the cayity. This signal mixed with the 3.622 GHz

in the GaAs sample producing a difference frequency at 2.492 GHz. This

difference frequency was amplified by the sample itself by appropriately

adjusting the sample bias voltage. A maximum conversion gain of lO db was

achieved.

The practical significance of using the same semiconductor sample

as mixer, local oscillator and IF amplifier are obviously clear. They

justify determining whether the principle could be extended to higher

frequencies by using appropriate semiconductor materials aided by cryogenic

temperatures and magnetic fields.

9.5.2 Non-Heterod_ne Down ConverSiQn

9._.2.1 Hm and Submm Wave Detectors

This detection scheme, proposed by Kru_m and Haddad, 76 utilizes

an appropriate system of quantum energy levels to down convert mm and

submm wave radiation to microwave radiation where sensitive detection

schmmes_ are available. Due to its novelty, a brief discussion of the

principle of operation of this detector is given next.

Consider the three energy-level system shown below

E

[
_13 23

1 i r2
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Assume the system is at thermal equilibrium. A local oscillator signal

of frequency _12 incident on the system will be absorbed raising some

of the population of level i to level 2. The amount of power absorbed

is proportional to the difference (n I - n2) where nI and n2 are the

populations of levels i and 2 respectively. If now a signal of frequency

is incident on the system, the population difference (n I - n2) will

decrease causing a decrease in the L.0. power absorbed. The scheme calls

for using an appropriate material in which _12 lies in the microwave

region where available sensitive detectors can measure the change in

the power absorption, which in turn is indicative of the power absorption

at the higher frequency _13' whose corresponding wavelength lies in the

mm and submmwavelength.

Krummand Haddad show that for optimum relaxation rates between

energy levels, the down conversion loss Ldc for such a detection scheme

12 For signal frequencies of 170 GHz and higher
is equal to Ldc - _13 "

the noise equivalent power of this down converter becomes theoretically

better than a superheterodyr_e down converter. A combination of this

proposed down converter with a maser and a superheterodyne receiver would

result in much better sensitivities than are presently available with

mmand submmwave detectors. The response time of the down converter is

greatly dependent on the stimulated transition probability WI2 between

levels i and 2. It appears that a larger WI2 and larger thermal relax-

ation rate between level 3 and 2 provide shorter rise and decay times.

A minimum rise time of II ns and decay time of 12 ns have been calculated

for a typical system. A host of paramagnetic materials that have been
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suggested for maser applications may be employed in this detection scheme.

In these materials the energy levels are adjustable by appropriate appli-

cation of a magnetic field allowing tuning over a finite band of signal

frequencies. Poss_ole suitable materials are listed in Table 9.8 with

an indication of the frequencies that can be detected.

I

I
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I
I

I
I

I

Material Signal Frequency Covered GHz

(Rutile) Iron doped titania

(F 3+ : _io_)
v

Iron doped Zinc Tungstate

(Fe3÷ : ZnW04

Vanadium doped sapphire

(@+ A12o3)

Nickel doped titania

(Ni 3+ : TiO 2)

Chromium doped cyanite

(Cr3+ : SiO 2. A1203

40-120

up to 220

around 500

around 500

around 2000

I

I

I
I

I

Table 9.8 Possible Materials Suitable for Use in the Haddad and Krumm

Detector

The possibility of using other media such as gases with appropriate

energy levels in this detection scheme eliminate the need of a magnetic

field and low temperatures.
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9.5.2.2 Reflection Cavity Detector

The use of a reflection cavity containing a small semiconductor

slab has been proposed 77 for the purpose of detecting mm and submm radiation.

The principle of operation is depicted in the figure below.

mm/sub_ _
wave

radiation

Circula$orl

InSb 1

Microwave

L.O.

a

Microwave

Receiver

This principle consists of detecting changes in the conductivity of a

cooled semiconductor slab caused by the mmwave radiation by measuring

the reflection of a microwave signal from the cavity with the aid of

easily available sensitive microwave equipment. The semiconductor can

be any of the semiconductor materials used in the construction of photo-

conductive mmand submmwave detectors, such as impurity activated

germanium, or indium antimonide which is used in the Putley detector.

This scheme calls for cooling and use of magnetic fields to achieve the

required energy levels in the semiconductor. The activation energy

of the electron in the semiconductor will be thus smaller or equal to

hc

_- , where k is the mm or submm radiation wavelength. Notice that the

hc

microwave signal will not activate the semiconductor since _- is much
m
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smaller than the activation energy of the semiconductor (k is the
m

microwave wavelength).

The phenomenon of far infrared absorption in the wavelength range

.1-1mm due to photon-induced hopping of charge carriers between

impurity centers in compensated n-type silicon at 2.9°K 78 could also

be utilized as the absorption mechanism of submmwave radiation in the

semiconductor inside the cavity. Unlike conventional photoconductive

detectors, the semiconductor sample in the proposed reflection cavity

detector does not require any dc biasing which normally increases to

the overall noise oi the detector. The sensitivity of this proposed

detector is, therefore, expected to be high.

9._.2.3 Millimeter Traveling Wave Maser and Maser Materials

The attractive features of masers_ such as their low noise figure

and rugged nature, makes the extension of their operation to _m and

submm wavelengths highly desirable. The main obstacle in doing this is

that of materials, Rutile (Ti02 ) doped with trivalent chromium ion or

trivalent iron ion and iron-doped zinc tungstate are materials that

extend the maser operation range up to _ 100 GHz. These materials are

characterized by large dielectric constants. This fact allows the use

of small samples which are more adaptable to the necessary cryogenic

cooling and superconductive magnets. On the other hand, the high dielectric

constant poses problems in matching. Naturally, to facilitate matching,

suitable materials with a lower dielectric constant such as iron-doped

zinc tungstate could be used. This, however, will increase the size of

the structure. An extensive study and search for materials suitable for



mmand submmmaseroperation is being carried out by Haddadand co-workers. 77

An important recent development in this area is the successful operation

of a zero magnetic field, 81 GHz, iron-doped rutile maser by Hughesand

Kremenek79 and Hughesand Deal. 80 Thesemasers still suffer from the

matching problem. The maser was madeto operate at 4.2°K in a good,

stable high-gain modein excess of 20 db. Oneof its modesprovided

useful electronic gain up to temperatures of 15°K. The elimination of

the magnetic field in the operation of this maser and maintenance of

useful gaim at elevated temperature provides two significant developments,

in the sense that they bring mmwavemasers closer to possible use on

board satellites and space vehicles.

Future work in the field of mmand submmmasers would include

a search for materials that are suitable for maser operation in the

mmand submmrangethat can provide one or more of the following features:

aI zero mag_etic field operation

b) operation at elevated temperatures

c) pumpingat frequencies less than the signal frequency

d) pumpingwith laser sources.

9.6 OTHERTYPESOF DETECTORS

Other types of detectors whose operation is extendable to mmand

submmwavelengthst_ough appropriate development and modificatiDn of

their state of the art at microwave frequencies are the following.

9.6.1 Klystron Detectors

The possibility of using reflex klystrons as tunable detectors

at frequencies where ordinary microwave crystal diode performance is
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relatively poor has been proposed by Whitford. 81 Tangential sensitivities

of the order of 40-47 dbm were obtained at 16 GHz. Although no experi-

mental work has been done above this frequemcy, there is no fundamental

reason why a detector of this type could not be made to operate at any

frequency where a reflex klystron can be made to operate.

The possibility of achieving amplification and detection simul-

taneously in a standard 2K25 klystron has recently been demonstrated

by Ishii 82 at 9.2 GHz. A noise figure of lO-15 db and more than 20 db

gain over a standard crystal detector were obtained. Improved klystron

tubes and circuit desi@u would probably reduce the noise figure to 7 db.

The prospect of attaining amplification and detection in the same device

is certainly attractive enough to justify any attempt to extend the

operation of this type of detector to shorter wavelengths.

9.6.2 Plasma Detector

Another type of detector is the plasma microwave detector.

In this case electrons of the plasma interact with the incident

microwave radiation, which results in a corresponding change in conduc-

tivity. The change in conductivity is easily monitored by observing the

change in discharge current. 83,84,85 This type of detector has been

investigated at centimeter wavelengths, and sensitivities comparable to

crystal diodes have been reported. 83 Time constants of the order of

milliseconds to microseconds are attainable. Also broadband operation

has been observed in the range of 1-5 GHz for a neon glow discharge.85

Increased sensitivity may be attainable above lO GHz by using steady

magnetic fields, which produces cyclotron resonance absorption of incident

351 -

I



86
radiation. It_ the mmwavelength, Severin utilized the cathode fall

region of a glow discharge in order to obtain sufficient sensitivity to

measure radiation at 2 mmwavelengtho Severin predicts that the plasma

detector would compare favorably with other detectors at wavelengths shorter

than 2 mm. Due to the attractive properties of the plasma detector

(mechanical and electrical ruggedr_ess, overload capacity, simplicity and

extended frequency range86), it seems worthwhile to further investigate

its operation at mm and sub_mwavelength. An apparent drawback of this

detector would seem to be the high dc power dissipation required to obtain

the plasma. However, with the availability of low work function surfaces,

such as Au, Cs, 0 for use in cathodes of glow discharge tubes, low-voltage

glow discharge tubes with considerably lower power dissipation have been

developed. 87 They may prove to be quite adaptable for use in plasma EM

wave detectors.

9.7 COMPARISON AND _ALUATiON OF MILLIMETER AND SUBMILLIMETER WAVE DETECTORS

Several figares of merit used to describe the performance of mm

and submmwave detectors 88'89 have been proposed. The most frequently

used at present are:

a) Responsivity (R): _is quantity denotes the effectiveness of

the detector in converting radiant flux incident on it into an electrical

signal. The responsivity is given by

where V
s

V __Volts __ (9-13)R = _ L Watt
in

is the output voltage due to an incident radiant flux P..
in
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The responsivity also provides an idea of the complexity of the post

detection amplifier system required.

b) Time constant (sect: This is a measure of the demodulation

capability of the detector.

c) Noise Equivalent Power (NEP) in watts: This is the rms value

of the sinusoidally modulated radiant flux power incident on the detector

that will produce an rms output voltage equivalent to the rms value of

the noise voltage of the detector (unity signal-to-noise ratio).

d) Detectivity D* (rea d D-star): This is a figure of merit

particularly useful in specifying the sensitivity of incoherent radiation

detectors. The detectivity is given by

= (_Ii/2 Ecm _ Hzl/2 7
If J (9.14)

where A is sensitive area of the detector and _ is the overall bandwidth

of the detection system.

Both _EP and D* depend on the conditions under which they are

measured. These conditions are:

l) the blackbody temperature in OK of the radiation source used

in the measurement (small dependence)

2) the modulation frequency of the radiant flux incident

3) bandwidth _ of the post detector amplifier used

4) the wavelength k at which the measurement was performed.

It is customary to specify these conditions whenever NEP or D* are

quoted. Thus, D* (0.1m m, lO00, 10) 500°K would indicate that the
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detectivity was measuredat a wavelength _ - 0.i mmwith radiant flux

modulated at f = I000 Hz and emanating from a source possessing a black-
m

body temperature of 500°K and post-detector bandwidth of i0 Hzo The

spectral dependenceof detectivity under the samemeasurementconditions

would be denoted by D* (_, I000, i0) 500°K.

Since the performance of cooLedincoherent detectors is strongly

dependent on the temperature of operation, this temperature should

also be specified whenever detectivity or NEPare quoted.

The value of an NEPof a detector is dependent on the noise

properties of the detector. Types of noise such as contact noise, external

magnetic field, and modulation noise can be eliminated by proper design

and fabrication. In photoconductive detectors maximumdetectivity is

obtained whenthe generation recombination noise is predominant.

Theoretical calculations of the detectivity of an ideal detector, i.e.

whenthe g-r noise is due to the rate of absorption of background radiation
91

(background limited operation) has been made by Bratt and Giggey.

The latter two, assuming black body radiation, were able to obtain ideal

detectivity curves for various materials. For wideband detectors, these

detectivity curves increase linearly with wavelength up to a maximum

wavelength Km (determined by the material of the detector) and then

fall to zero. The locus of all points corresponding to the maximum

detectivity in these curves is showm in Fig. 9.11, which also contains

the detectivity of an ideal narrow-band detector at 0.ii mm computed by

Bratt and Giggey. Against those ideal detectivity curves, Fig. 9.10

shows also the detectivity curves of some of the photoconductive detectors
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discussed in Section 9.3 of this chapter. The detectivity of an ideal

thermal detector and pne_matic detector (Golay cell) operating at room

temperature are also included for comparison. It is easily seen that

the detectivity of these prese_itly available photoconductive detectors

is below the theoretical limits predicted by Bratt and Giggey. This

discrepancy between theory and achievement is caused by the post-detector

amplifying systems used. It has been suggested 13 that this limitation

could be overcome by the development of low noise video amplifiers

operating at liquid helium temperature or by using parametric amplifiers.

A list showing the important characteristics of various mm and

submm wave detectors is given in Table 9.9- Since the area A (see eq. 9.14)

is not meaningful in the case of superheterodyne and video receivers,

no value of detectivity is given in Table 9-9 for these detection schemes.

As was discussed elsewhere in this chapter, the performance of such

receivers is best described by means of the equivalent noise temperature

or the noise figure of the system, l_±e noise equivalent power of

superheterodyne receivers can be determined from eq. 9.7 and eq. 7 of

Appendix 9.1. Given the crystal mixer noise ratio and the IF amplifier noise

figure, one can compute the receiver noise figure from eq. 9.7 from which one

can determine the NEP using e_ 7 of Appendix 9.1. Figures 9.12 and

9.13 give the calculated __P for superheterodyne receivers employing

commercially available mixers for various assumed values of IF amplifier

noise figure. The crystal noise ratio is assumed to be NR = 2 in all

cases. In Fig. 9.12 also are given the NEP values of actually constructed

receivers.
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Figure 9.12 Noise equivalent power of superheterodyne receivers employln 8

available mixers (mixer noise ratio NR = 2 Is assumed, IF

amplifier noise figure FIF = i, 2, 4 dB)

I

I

I 4

FREO. [GHz]
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employing available mixers (mixer noise ratio NR = 2

is assumed) IF noise figures = 6, 8 and 10.
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Using the relationship between noise equivalent power and noise

equivalent temperature (eq. 12, Appendix 9.1), the values of noise equiva-

lent temperature are calculated for some of the detectors of Table 9.9. The

results are given in Table 9.10 for comparison. The superior performance

of superheterodyne receivers is quite apparent.

9.8 MILLIMETER AND SU_MiLLIMETER DETECTORS, APPLICATIONS AND Fb_[_E

D_IELOPME_

The same four quantities used in the evaluation of these detectors

that were enumerated in Section 9.6 are considered in the choosing of a

detector for a particular application.

From Table 9.9 and Fig. 9.11, one can see that in applications

where the highest available detectivity is required, the Ge bolometer and

helium cooled InSb detectors are suitable. Unless cryogenic systems

become practical for space vehicle use, low temperature detectors are

confined to use in the ground end of a space communication. At wavelengths

shorter _ian 2 mm, the theoretical detectivity of superheterodyne receivers

becomes superior to the cooled InSb detectors. It is for this reason that

many efforts l!ave been made and are continued(49'58'59'92-110)to develop

submmwave point contact detectors and mixers and to overcome the diffi-

culties in extending tlie construction of this type of receiver to the

submmwavelengths.

Where power measurement is required, one of the bolometric detectors

is suitable. In radiometry, both germanium bolometer 16'17 and the crystal

diode mixers 58'59 have been used successfully.

When short response time is required, the point contact rectifier

used as a video detector or a mixer in a superheterodyne receiver is
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Table 9.10 Equivalent Noise Temperature of Various Detectors

Detector

Ideal therm. Det.

Golay Pneumatic Cell

Germanium bolometer (Low

Frequency
or

Wave length

flat

k<Dm

theoreticall_

detector)

Carbon bolometer

Super condueting bolometer

InSb wideband detector with

entire subn_

wave length

entire subm

band

2m

magnetic field Putley detector

InSb detector without magnetic

field(free carrier absorption)

Tuned InSb detector

Ge Cyclotron resonance detector

Boron activated Ge detector

Ideal superheterodyne receiver

Superheterodyne Receivers

Fideo Receivers

l.gmm

× = (o._-8_

12_ band at

(o.o6-o.19_=

k=8mm

0.i

G_z-(Ice
OOGH_-(I m)
_O0_z-(_!

- 363-

NEP for

i Hz band-

sidth (W)

9.9 i0-II

3 × i0"i0

4 10-14

(best
achieved)

-11
!i× I0 --

3 10-12

1.33 10-12

1.13 lo-12

Equivalent Noise

Temperature
(4)

2.8 109

._ii
y._:_ xu

2.17 i0II

,,.

".969 loll= 9.69 loI'6L

8.23 i0I°

i x lo-m 7.29 lolO

5 x i0-II 3.62 1012

__x 10-12 1.49 l0ll

1.29 X i0I] .9 1012 = 9 loll

10-21
4 _o_l82
2 10"17

7 lO-19

2.8 102

#1. tO

lO_

8 Io"18

9 x i0"12

1.6 x i0"ll

9-79

loll .....

lOll



the obvious choice. At wavelengths where these are not available, the

obvious alternative is one of the InSb cooled detectors or the Ge cyclotron

resonance detector.

The development of superheterodyne detection schemes at submm

wavelengths seems to be most worthwhile, since this class of detectors

is characterized, at least in theory, by:

i) high detectivity

2) short response time which will enable the demodulation of

microwave modulated mm and submm signals (The advantages of the wide

bandwidth available are evident especially for space applications.)

3) operation at normal temperatures.

A major difficulty in the development of the superheterodyne

detection scheme is the requirement of a low noise stable local oscillator

with an output frequency nearly equal to the signal frequency, and power

considerably higher than that of the received signal. However, with the

present day development of mm and submm sources, this disadvantage is

becoming merely a technical difficulty.

At the present time, areas in which further work could contribute

considerably to the development of sensitive compact, superheterodyne

receiving systems at shorter wavelengths are:

i) low noise, low conversion loss crystal mixers

2) low noise solid state sources and efficient harmonic generators

for L. O. applications

3) integrated solid state oscillators--mixers and IF amplifiers

4) low noise, high gain, wideband IF amplifiers(parametric and

tunnel diode amplifiers).
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Homodyne detection schemes have similar advantages to the super-

heterodyne scheme. Disadvantages are the requirement of a very stable

oscillator and phase synchronization between the local oscillator and the

carrier.

Finally, one may anticipate the extension of the quantum amplifier

concept ll3 to the submillimeter range. Although a quantum amplifier is not

a detector, it is a photon effect device in which input photons of the

carrier frequency are amplified within the device by stimulated emission

of radiation which results in a power gain. Values of _EP = (lO -19 - lO -22) W

_re _+_ +_=+_11y. _ _ _o_ _ w_o _w_± _j _o_± II_

that the exchange coupled ion pairs in red ruby lasers are applicable to

quantum electronic devices (including detectors) in the submillimeter

region. Estimates made by Strain show that a laser should be operable in

the submillimeter region using optical pumping of the ion pairs in red

ruby. Such a laser has not been operable yet. The reason lies probably

in the small absorption cross-section of ruby at U and Y bands. This

can be verified from knowledge of the spin-lattice relaxation time, which

still remains unknown.
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APPENDIX 9.1

RELATION BETWEEN NOISE FIGURE, NOISE EQUIVALENT POWER,

AND EFFECTIVE NOISE TEMPERATURE

Consider the definition of the noise factor of a two port network,

available signal to noise ratio at input terminals__ (A.9.1)
= available signal to noise ratio at output terminals

in which S and N refer to signal and noise power respectively and the

subscripts "i" and "o" designate the input and output terminals

respectively.

Since S = GS where G is the power gain of the network and
O 1

N i = KTo_ is the available input noise power *+ (6 is the network effective

* The power spectrum of Johnson noise generated by a resistor R at

I

I
I
I

!
I

I

I
I

temperature T is,

P(f) = 4K_R -i

where h = 6.625 10 -34 Joule sec is Planck's constant and f is the frequency.

The available power to a network of effective bandwidth _ would be, there-

fore,

Ni = _ _] 1

For the frequency range (f < i000 GHz) of interest in this work, and for
i

hf
-- KT 0T _--To _ KT --<.166 and N i _ _.

O

+ For definition of available power, see, for example, Friis, H. T.,

"Noise Figure of Radio Receivers," Proc. IRE, Vol. 32, PP. 419-422,

July, 1944.
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bandwidth, K : 1.38 10 -23 F _°ule] and TO = 290°K), eq. A.9.1 can be
LK o J

written in the form,

N

F : .___2_o (A.9.2)
_o _

Thus, the total output noise power is

NO = F_o_ (A.9.3)

This output noise power is the sum of the output noise power N.G = GKToB1

due to the input termination and the output noise power N generated in
n

the network, i.e.

NO = aK_o_ +N (A.9.4)n

Therefore,

Nn = NO - GKTo_ = (F - i) GKTo_ (A.9.9)

The equivalent signal power at the input terminals that will produce an

output signal power equal to N is called the noise equivalent power NET.
n

Thus

N

__qn= (F- I)KTo_ _atts_ (A.9.6)NEP= G

It is customary to specify the NEP of networks and transducers

for 13 - i Hz. Then

= 4 × i0 -21 (F!- l) _atts_ (A.9.7)NEP
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The relation between noise figure and effective noise temperature

of a network is shown next.

From eqs. A.9.2 and A.9.4

N

F = i +n_____ (A.9.8)

GKTo_

It is customary to represent the noise _contribution N of the network

in terms of an "effective noise temperature", T e, of the input termination

that will produce the same amount of noise power, Nn, at the output of

the equivalent noise free network. According to this convention,

Nn = GKTe_ (A.9.9)

which upon substitution in eq. A.9.71provides

T

F = I + e (A.9.10)
T
O

or

Te = To(F - i) (A.9.11)

The relation between T in OK and the noise figure in db is shown in
e

Fig. A.9.1.

Care must be exercised in the use of expressions A.9.6 and A.9.11

when the two-port network is a superheterodyne receiver. These equations

are applicable provided one always uses the noise figure of the image

blocked receiver.

Combining eqs. A.9.6 and A.9.11, one can obtain a relation between

the noise equivalent power and the effective noise temperature:

NEP = KTe_ Watts (_ = 1 Hz) (A.9.12)
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Chapter X

ANTENNAS
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i0.0 INTRODUCTION

Antennas for use in the i00 to BOO0 GHz (B to O. i millimeter)

portion of the spectrum will probably follow the design practices

of the region below lO0 GHz. It is not anticipated that research

on antennas will be required as a consequence of the use of this

frequency band. Research may be required for other reasons.

4,- 4- ....... , •_,_ _-_.,_-_ u_, _,_nn_ _ r_ner vast and most of it

is not directed specifically to the millimeter wave region. A few

references (i to ii) are of direct concern however and, in addition,

include excellent bibliographies. Reviews of this literature, as

well as studies of millimeter wave applications, show that all

antenna varieties presently known may be exploited. The trend is

toward designs based on geometric optics since the antenna dimen-

sions are usually large compared to the wavelength. The choice of

a particular antenna type is largely a function of the application,

available materials and precision of manufacture.

This chapter will briefly review the antenna types that

may be used as well as the limitations on their performance.

Particular attention will be directed to the antenna feed system

since it appears to be a critical element in this frequency range

at this time.
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lO.1 A_TE_A APPLICATIONS

It is assumedthat applicationsmade" of the millimeter wave

region will follow the example of other portions of the electro-

magnetic spectrum. This assumption is justified by presently

known applications, amongwhich are: point-to-point communications,

radar (particularly for close-in surveillance such as harbor

docking or airport surface control), radar and radio astronomy and

radiometry° Somelimited industrial applications have been made

mostly using radiometry techniques to detect hot boxes on railroad

cars or for intruder control. Industrial process control has had

little emphasis largely because of a lack of information on the

electrical properties of materials in this frequency range.

Table i0.I is a convenient summaryof antenna performance

parameters as affected by the application. There is no presently

known limitation on polarization; thus, its selection is a matter

of convenience° Beamshapes, on the other hand, are directly

affected by the application°

'E_ecommunications circuits of satellite links or probes

and point-to-point relay require pencil beamsto give optimum system

performance and considerable freedom from interference.

Broadcast applications usually require quasi-omnidirectional

patterns to maximize the numberof subscribers to be served with

a specified grade of service. For satellite broadcasting, a fan

or conical beamof mediumgain will probably be used to avoid

steerable antennas at the receiving site.
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Search radars and navigation equipment will probably require

fan beams or beams having a cosecant squared shape to maximize

coverage. Tracking radars require small-beam-width antennas

(preferably pencil beams) to get high resolution.

The range of antenna gains given is the highest that can

be used for each case. The gain is affectedby the application,

the properties of the propagation medium and the pointing accuracy

of the antenna as discussed in section lO.2.8. The pointing

acc.uracy requirement may dictate a study %o determine where in

a system the maximum antenna gain may be used with the least penalty

in power or weight requirements.

Since large diameter-to-wavelength ratios with antenna

apertures of reasonable size are possible in the mmand submm

region (D/k ranging from l09 to at least lO), mechanical steering

is probably adequate for most applications. For sophisticated

radars requiring high speed scanning, electronically scanned antennas,

ll
such as phased arrays, have been developed up to about 79 GHz.

These antennas can, in principle, be developed for any part of the

electromagnetic spectrum. The present limit of 79 GHz is imposed

by the available ferrites. Research in materials is required if

electrically operated phase shifters are to be used in the submm

region.

10.2 LIMITATIONS ON AN_2ENNA GAIN

The principal factors affecting the performance of large

aperture antennas are:

- 382 -

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I
I

I
I

I

I
I

I
I
I

I

I

I
I

I

I

i. antenna diameter, D

2. amplitude distribution (taper factor),

3- illumination factor or spillover,

4. aperture block,

_. focal ratio, f/D

6. sttr_ace defects 7

7. type of mounting and coverage

8. drive and tracking system

9. the propagation med_1_

Most of the above factors are strongly interrelated and, therefore,

an antenna design is of necessity a compromise. Let us consider

each of them separately.

10.2.1 Antenna Gain and Beamwidth

Most large aerospace and radio astronomy antennas are

circular apertures. For such apertures, the gain G and the half-

power bea_idth _ are given by:

_D 2

G = k GO = k (-_-) , numeric (i0.i)

and

where

k
@ = _8.4_ _ , degrees

= 1.84 X lO2 G-1/2 degrees for k=l

k = wavelength in meters

(lO.2)

(i0.3)
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D = aperture diameter in same units as

k = aperture efficiency

0.4 to 0.7 for well-designed antennas

Equations i0.i and 10.3 are plotted in Figs. I0.i and 10.2.

Typical large antennas are included in Fig. i0.i. From this figure,

it can be seen that apertures as large as 305 meters have been

successfully built. _le largest known aperture, in terms of D/h, is

however the Hale telescope (D/_ A 107). The limitations on diameter

will be d%cussed in Section 10.2.6.

10.2.2 _mplitude Distribution Factor

The gain and patterns of an antenna are controlled by the

amplitude and phase distribution across the aperture. For many

antennas the phase distribution is uniform and only the amplitude

distribution, 0, is of interest. 0, in a sense, is a measure of

how efficiently an aperture is used. The highest gain and highest

side lobe levels are obtained for aperture distributions that are

uniform in amplitude and phase (0 = I). Side lobe levels must

be reduced, however, to avoid interference and to get lower antenna

temperatures. This is accomplished by tapering the excitation

across the aperture. A power law distribution is quite common for

circular parabolic apertures (see Table I0.II). From the table

the improvement in side lobe levels and resulting antenna gain

reduction and beam broadening can be seen. For most antenna

applications, a parabolic distribution (p=l) with an edge taper
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TABLE 10-II - CHARACTERISTICS OF A CIRCULAR APERTURE

P

0

i

2

3

(numeric)

1.00

0.79

0.56

0._

0.36

®
Half-Power

Beamwidth

(radians)

1.0_ k/D

1.27_/D

1.47_/D

1.6_×/D

1.81 _/D

8
Position of First

nul (radians)

-i 1.22k
sin

D

sin -I 1.63 A/D

sin-1 2.03_/D

sin-I 2._q A/D

sin-1 2._9_/D

First Side Lobe

Level (dBbelow

peak gain)

17.6

24.6

30.6

I
I

I

I
I

I
I

I

Distribution over aperture:

Where: D = aperture diameter

(fromref. 17)
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is quite adequate. For this case, an expression for _ is:

1
= (ref. _) (1o.4)

i fl-a_2

where

a = fractional edge taper, numeric

= ratio of field at edge to field at center of aperture

The aperture efficiency as a function of adge taper, from

eq. lO.4_is given in Table iO.III.

10.2.3 Illumination Factor or Spillover

Some energy will spill over the edge of a reflecting

aperture because of the feed design. This spillover power results

in a reduction in antenna efficiency and an increase in antenna

temperature as well as an increase in far side and back lobes.

The spillover factor _ is a measure of this loss. _ and _ both

modify the maximum gain of the aperture, and design procedures

should maximize the product of _ and _. Values of _ as a function

of edge taper (a) are given in Table lO.l_ _ for a parabolic

distribution across the aperture. The effect of the product of

and O on antenna gain is shown in Fig. 10.3. Spillover loss

is absent in horn-parabola and horn-lens antennas.
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TABLE lO-III

Aperture Efficiency _ as a Function of Edge Ta_er a for a Parabolic Aperture
Distribut ion

I
i

I

I
I
I

I
I

I

I
I

Edge Taper

(aeci_8)

0

1

2

Z

4

5

6

7

8

9

10

12

19

20

29

Fractional Edge

Taper (a)

1.000

0.892

O.799

0.707

0.631

0.963

0.910

0oh46

0.398

0.399

o.316

o.291

0.178

0.I00

0.006

0.0

Aperture Efficiency

1.000

O.998

O.999

0.991

0.984

0.979

0.969

o.994

0.9hO

0.930

0.918

0.894

0.860

0.817

0.791

0.790

loss in dB

0.0

0.009

0.02

U.ULI •

0.07

0.ii

0.19

0.20

0.27

0.31

0.37

0.49

0.69

0.88

1.24

1.29

=
1

1+_

m (_romref.9)

for a parabolic distribution
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TABLE lO.r_

Illumination Factor and Loss as a Function of Edge Taper

Fra ctiona l

Edge Taper (a)

0.398

o.316

o.251

O. 178

O. lO0

o.oo6

0.0

Edge Taper

(decilogs) Factor(s)
Ill1_mination Efficiency

Loss(dB)

8

i0

12

15

20

e5

QO

0.71

O.75

0.79

0.81

0.83

0.84

o.85

1.49

1.25

1.0e

0.91

o.81

0.75

o.71

(From Ref. 5)

10.2.4 Aperture Block

Aperture block is a physical blocking of the aperture

caused by the feed and its support structure. The block factor

is not proportional to the percentage of physical aperture blocked.

It is given by."

_] L1 l-a B] (10.5)= 20 log - l+a A

for an aperture having a parabolic distribution where:

A = area of the unblocked aperture

B = area of the blocking aperture

The reduction in antenna gain due to aperture block _ as a function

of edge taper (a) is shown in Fig. 10.4. Aperture block is essen-

tially absent in the horn-parabola and horn-lens antennas.
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10.2.5 Focal Ratio f/D

The focal ratio f/D is the ratio of the parabola focal

length to aperture diameter. If the ratio is small, that is, a

deep reflector is used, the feed support will be mechanically

strong resulting in a more precise feed positioning. If the

aperture is used efficiently, the side lobe level will be small

because of reduced spillover. There will be, however, serious

coma for feed_ off axis and higher loss due to cross-polarization

than for large f/D.

The larger the value of f/D, on the other hand, the greater

the mechanical support difficulty and the higher the side lobe

levels. _ere will be a reduction in phase error loss, however,

due to axial displacement in the source. The practical limits

on f/D are then about:

o.25 < f/D < 0.5

The horn-parabola and the horm-lens antermas do not have

the &bore limitations.

10.2.6 Surface Defects 7

Tne loss in anteLna gain 7 due to sorface defects is made

up of three factors:

a) irregular phase errors

b) symmetrical phase errors

c) astigmatic (hi-symmetrical) p_se errors
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Surface defects are usually mechanical in nature and constitute a

limitation on increase in antenna size. On the other hand, taper

factor, illumination factor, and aperture block can be independent

of aperture size.

The effects of surface defects on antenna gain have been

6
conveniently summarized by Ruze .

where:

as k.

The loss in gain is given by 7

7 = exp - (4_/k) 2 (i0.6)

¢ = effective reflector surface tolerance in same units

The total gain of an aperture is then, combining eqs. lO.l,

10.4, 10.5, and 10.6:

G = _O_TG
O

D )2 -(4_ _/_.)2= "o_ (_ i e (1o.7)

The gain Go, for a perfect aperture, is given in Fig. i0.i. The

gain reduction caused by _, G and _ is given in Tables lO.II,

lO.III, IO.IV and Figs. 10.3 and 10.4. The astenna gain as a

function of diameter, frequency and tolerance c in wavelengths is

given in Fig. 10.5. A conversion formula for tolerance e in terms

of k and v is given by:

C
c = - = -- (io.8)

b by
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where

b = a number from 1 to about 100

c = velocity of light in meters

v = frequency in Hertz.

Equation 10.8 is plotted in Fig. 10.6 for the frequently used

values of b.

From Fig. 10._, it can be seen that for a given frequency

and antenna diameter_ the loss in gain caused by surface tolerance

is large for tolerances greater than k/8 and the gain reduction

in going from k/16 to k/8 is a little over one decibel. Optical

reflector telescopes are routinely figured to k/8 to k/10. The

Hale telescope (200 inch) is figured to k/lO. 13-1h A few optical

telescopes use tolerances as fine as k/50.17 These telescopes are

alleged to have improved clarity of images but the gain improvement

in going from k/10 to k/_O is less than one decibel. Radio telescopes

and point-to-point microwave relay antennas are routinely constructed

to tolerances of k/16 to k/32.

It should be noted that the maximum gain of an aperture as

a function of surface tolerance occurs when k = 4_c, where a
m

tolerance loss of _.3 dBwith respect to a perfect reflector is

incurred. This maximum gain is given by:

G_x _ k/43(_)2 (10.9)

where

k = _
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G is proportional to the square of the precision of manufacture
max

(D/_). The maximum gain of an apertur e as a function of diameter,

frequency and tolerance is shown in Fig. 10.7.

The precision with which large aperture antennas have been

built is shown in Fig. 10.8. These data were obtained from references

3 and 4 and numerous other sources. By comparison, the precision

O

of the 200 inch Hale telescope at k = 5600 A is k/lO or 0.056 _,

that is, many orders of magnitude better than the best antenna of

equivalent aperture (5.08 meters). Thus, it appears that our

technology is capable of more precise manufacture and that coat And

materials are the only obstacles to the use of this precision.

The precision of a number of well-known large aperture antennas is

shown in Table IO.V.

IO.2.,7,_ Type of Mountin_ and Coverage

The type of antenna mount used is largely a matter of

convenience and cost. It poses no special problems for millimeter

antennas. The equatorial mount is probably the simplest for apertures

up to perhaps 30 meters in diameter. The azimuth-elevation mount

is suitable for all antenna sizes and can give complete coverage

in the hemisphere above the ground. On space vehicles, other types

of mounts may be convenient.

10.2.8 Drive and Tracking System

The only item of concern here for millimeter and higher

frequency antennas is that of pointing accuracy. Antenna pointing

- 397 -
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accuracy inposes an additional constraint on the realizable gain

of the antenna, particularly if it is mounted on a spacecraft.

The loss due to pointing accuracy is shown in Fig. 10.9, and is

given in terms of the ratio of the angle 5 from antenna boresite

to the half-power beam_dith@. If the degradation of gain is

to be held to 0.12 dB, then the antenna half-power beamwidth must

be i0 times the pointing accuracy of the antenna structure.

Pointing accuracy is a severe problem for millimeter and higher

frequency antennas since such antennas are capable of high gain

and small beamwidths for apertures of reasonable size. Pointing

accuracy that has been achieved by representative antennas is

shown in Table 10.Vl.

10.2.9 The Propagation Medium

The performance of an antenna or an optical telescope is

affected by the atmosphere in which it is immersed. The magnitude

of the effect is a function of the length of the path through the

atmosphere as well as the nature of the atmosphere and its constituents.

The antenna parameters affected are: half-power bea_idth, resolution,

gain, temperature and apparent position of the source.

The natural gaseous constitutents of the earth's atmosphere

are given in Chapter VIII. In addition, many man-made gases such

as S02, NO, N203 and the hydrocarbons are present, particularly

in industrial areas. These gases result in absorption of electro-

magnetic energy in certain calculable frequency bands (see Chapter VIII).
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TABLE 10-VI--POIRTING ACCURACY OF LARGE ARTENNAS

I
I

I

I
I
I

I

I

Antenna

Arec_bo

Jodrell-Bank

Stanford

Greenbank

Parkes-CSIRO

Michigan

Lebedev

Haystack

Aerospace

Hall-200"

Diameter D

Meters
f,

3o5

76.3

_5.8

91.5

6_

122

26.9

22

36.6

_.97

9.08

Haif- Power

Beamwidth @
Minutes

i0

19 x 20

20

i0

19

l.Tl

6

1.9

i.8

2.8

5.3_ x lo"_

Pointing

Accuracy

5,Minutes

_2

16

12

0.29

0.3

0.33

mm

5

1.9

3

5

7

6

1.9

6

8._.

I
I

I
I

I
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Water vapor may both absorb and scatter electromagnetic energy

as well as modify atmospheric refractivity.

Dust of all particle sizes is also present in the atmosphere.

The range of sizes is shown in Tablel0.V_i.Substantial scattering

occurs when the wavelength of the radiation is smaller than

the particle size. Scattered radiation contributes to the antenna

temperature and in optical telescopes results in loss of definition.

Table 10.VII Atmospheric Particle Sizes

Particle Particle size Microns

Dust

Clouds

Wet Fog

Fumes

Smoke

Cigarette Smoke

Condensation Nuclei

Gas Molecule

150 to i

i00 to 40

50 to 4O

1 to 0.3

<0.3

0.I

0.I
O

io_ (la)

Atmospheric inhomogeneities having dimensions of the order

of 15 centimeters are believed to be responsible for optical limi-

tations in telescopes. 13 It has been stated that a telescopic

aperture of 7 to !O centimeters will yield clearly defined star

images, but the images wander around in a circle having a diameter

of two arc seconds. If the telescope aperture is increased to

1.5 meters, all the stars are enlarged and blurred but steady,
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and the diameter of the smallest is about two arc seconds. In

other words, the large aperture has integrated the wandering of the

star image. Shuddering of the star image is of the order of one

arc second for average "seeing," l0 arc seconds exceptionally and

20 arc seconds for bad seeing with the rate of shuddering about

5 to 100 oscillations/sec. The amplitude of the fluctuations varies

inversely with the diameter of the antenna.

There thus seems to be general agreement among astronomers

that _uder the best seeir_ conditions, the earth's atmosphere sets

a limit of 1/2 arc second on resolution and this limit is more or

12
less independent of frequency. In a series of photographs in

reference 12, the quality of the image is shown as a function of

resolution. At one arc second resolution, the images are equivalent

to good still-life photographs. At 34 arc minutes resolution, the

image is a blob or disc. At one arc minute resolution, the image

begins to resemble a photograph. This resolution is beyond all

presently available radio-telescopes.

A resolution of 1/2 arc second corresponds to D/k = 4.2 × l05,

thus setting a fundamental limit on the maximum usable aperture from

the standpoint of "image" clarity. The maximum aperture for a few

wavelengths is shown below.
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k D, meters
u

Visible Light 5000 A (5 × lO-7m) 0.21 m

0.1 _ (10-4 m) 42 m

1 _ (lO-3m) 420 m

lo mm (lO'2m) 4.2 km

It can thus be seen that this criterion on aperture size,except for

the infrared and visible region, is unlikely to impose a limitation

for some time to come. it should be mentioned that the nature of

the disiurbance causing atmospheric turbulence is unknown. It is

believed to be a wind phenomer_a at altitudes of the order of two

kilometers.

10.3 _ESN_L REGION P_i_OM_KA

A frequently quoted criterion for the separation distance

between the Fresnel ald far field regions of an ar_te_'nlais:

2D 2
d > -- (i0,i0)

-- k

where:

d is the distance from the aperture in meters.

In the far field_ the antenna beam pattern is well formed

and it and the gain are independent of the distance from the

apert"_e. In the Fresnel region, both gain and beam shape are a

complex function of the distance from the aperture. As D/k becomes

large, the far field distance becomes large, and for a few known

large aperture antennas it may extend through the earth's atmosphere.
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This poses some interesting questions since the effect of atmospheric

disturbances is not the same in the Fresnel and Fraun_f_r regions.

This point and antenna focusing deserve further study.

10.4 ANTENNA T]_4PERATURE (see also p. 441)

An antenna has an equivalent temperature T because its
a

pattern views a surrounding space having a temperature T(e_).

The antenna temperature is given by (see Chapter XI):

where

= (lo.n)

a _sG(e,_)as

_s G(e,_)ds =

ds =

G(e,_) =

T(e,_) =

the solid angle given by sin e de d_

the antenna gain in the direction e,_

the source temperature in the direction _,_

The greatest contribution to the integral comes from the

earth's temperature of 290°K when the antenna is oriented skyward.

The antenna temperature _ill vary with antenna orientation since

its side•and back lobes will see different temperature distributions

in general.

Antenna side and back lobes must be reduced, to lower antenna

temperature as well as to avoid interference. The reduction can

be accomplished by using a more favorable aperture distribution

407-



and taper and by reducing aperture block and spillover losses.

A new development in antenna design may accomplish side and back

lobe reduction without a significant increase in cost, The portion

of the aperture needed for defining t_m beam is made to the necessary

precision since it receives the maximum power levels. _le outer

portions of the aperture having lower power levels, because of

the chosen aperture illumination and taper, may be made less precise.

In fact_ an outer ring or sDmoud added to an existing antenna of

given design and illumination will significantly reduce side and

2O
back lobes. Some development work may be necessary to determine

the required tolerances.

10.5 ANTD[N_. TYPES

Antenna types that may be used in the millimeter and sub-

millimeter region are_ dipoles, slots, horns, lenses, reflectors,

leaky wave devices, arrays and gratings.

lO.5_l Dipoles and Slots

Dipoles and slots for the millimeter and submillimeter

region are difficult to manufacture by conventional means. Photo-

engraving techniques are quite satisfactory however°

_Two additional difficulties are present: low power handling

ability because of voltage breakdown problems and feed problems,

and losses associated with the transmission line between generator

or detector and dipole or slot may be of interest in systems for

this frequency region_ Dipoles and slots may find applications in

array antennas (section i0.5.6)o
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10.5.2 Horns

Horns can be used throughout the region of interest.

Precision manufacture and power handling capabilities are not a

problem. With proper tapers and exact flare angles all types of

illumination may be produced. Horns will be free of shadowing

and spillover losses.

10.5.3 Lenses

There are two types of lens antennas, namely: dielectric

and metal. The dielectric lens is difficult to manufacture and there

is a dearth of suitable materials. There are no insurmountable

problems with the metal lens. Metal-dielectric lens types may be

used if suitable dielectric materials are available, losses may

be higher in dielectric lens types than in metal lens types. Lens

may also be used to correct horn antennas, thus giving the hybrid

horn-lens antenna. These antennas are more or less free of shadowing

and spillover losses.

10.5.4 Reflectors

Reflectors may be used without frequency limitations if

suitable reflecting surfaces are available. Manufacturing diffi-

culties and surface precision are not a problem. The main difficulties

are in the feed system which usually results in shadowing and

spillover losses. Except for the C_ssegrain structure, feed line

losses may also be high.
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The horn-reflector antenna is free of all of the above-

mentioned losses but is much more expensive to manufacture and mount.

10.5.5 Leaky Wave Antennas

Leaky wave structures are usually arrays of slots in a

waveguide. Many waveguides may be arranged in parallel to form a

square or rectangular array. This device suffers primarily from

mechanical tolerances and power loss in the waveguides. It is

unlikely to have much utility in the 3 mm to 0.i mm wavelength

region.

10.9.6 Arrays

Array antennas can in principle be designed and constructed

for any portion of the frequency spectrum. With electronic phase

shift techniques, considerable freedom is available for high speed

beam shifting and beam forming without the complications of a

mechanically orientatable system.

Arrays of individual radiators such as dipoles or slots

may be expected to be difficult to construct unless photo-etching

techniques are used. In addition, the individual radiators have

low power handling capability or high transmission line losses

associated with their feed system. This method would show promise

if the generator or detector and the radiating element could be

made one and the same. Simple solid state devices such as discussed

in Chapter V may be applicable, but development of phase control

methods is required.
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Arrays of horns, reflectors or lenses may be expected to

be more promising. Arrays usir_ horns have been exploited at about

ll
70 GHz. In one system two phase shifting techniques are used.

Each horn has a block of ferrite in its aperture and its beam may

be shifted electronically. Ferrite phase shifters are also used

in the feed line to each horn radiator. Success of such a

system in the mmand submmregion will depend on the development

of ferrites or other phase shifting materials suitable for use in

overmoded waveguides.

10.5.7 Gratings

Gratings and corrugated surfaces should be very useful in

the mm and submm region. They are not difficult to construct to

the required accuracy if suitable materials are available. They

may be used in combination with horn radiators.

10.6 CONCLb_IONS

A s'_vey of the antenna literature shows that there are no

insurmountable problems and that additional research is needed only

in the areas of materials, Fresnel region phenomena and the effects

of atmospheric inhomogeneities. Aperture size does not appear to

be limited by manufacturing methods or precision. It is unlikely

that individual radiators, such as dipoles or slots or arrays of

such radiators, will prove useful unless the radiator and the

generator or detector can be combined.
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Chapter Xl

ENVIRONMENTAL CONSIDERATIONS

II.i INTRODUCTION

In this chapter we are only concerned with providing an adequate

description of the sources of energy in the millimeter and submillimeter

frequency ranges arising from natural causes. There are, of course,

many attributes of the physical environment which are of serious con-

cern in the design of an electronic system, such as temperature, gravi-

tational force_ meteorite impact_ eto. So_ever_ these effec÷_ _ not

of unique interest in the millimeter wavelength region although they are
i

of concern.

The effects of planetary atmospheres are of concern. That of

the earth has been extensively discussed in Chapter VIII. That of

other planets is discussed in this chapter.

Since many of the environmental sources are thermal in origin,

the subject of radiometry is central to the discussions of this chapter.

An extensive discussion of definitions pertinent to the subject, and of

techniques, is given in an appendix to this chapter, and should be read

first by those unfamiliar with the subject.

ll.2 TERRESTRIAL RADIOMETRY

Radiometric observation of the earth's surface reveals a fine

distribution of the apparent temperature. This is caused by the dif-

ferent reflecting and emitting characteristics of the various terrestial

objects. The reflectivity 5 of an object is the ratio of the amount of
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energy reflected by it to that of a perfect reflector of the samearea,

and similarly the emissivity _ is the ratio of the apparent radiation of

an object to that of an equivalent black body at the sametemperature.

These two quantities are related as follows:

8 + _ = i (n.l)

A good emitter is a good absorber and a bad reflector, and vice

versa. However, a distinction should be made between physical and radio-

metric temperature. Observing the earth at infrared frequencies, one

generally sees hot bodies against a cold background. On the contrary,

when observing at ultramicrowaves, cold bodies contrast against a warm

background. Rough surfaces appear warmer than metallic and liquid sur-

I-2
faces, which reflect the cooler sky above.

Table ll.I

Typical Emissivities of Various _Terrains Observed at
Different Zenithal Angles for 39 GH zlO

I
I

I
I

I
i

I

I

type

earth

lO cm.

long grass

marsh weeds

bay water

sheet metal

horizontal

I0°

.86

.96

.93

.38

.40

polarization

30° 90°

•99 -99

.9.c

.3(

.2"

vertical polarization

0

I.

•49

.29

i0°

.87

30°

.99

l.

i

90 °

.99

l.

m

.29
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The observed ocean temperature changes with the degree of surface

roughness. The temperature depends on the thermometric temperature of the

water, the atmospheric conditions of the reflected sky, and the zenithal

angle, and varies with the polarization. 3 Figure ll.1 shows the effect

of the water temperature on the apparent temperature for a horizontally

polarized radiation. Figure ll.2 plots the horizontally polarized tem-

perature at a wind speed of 6 m/sec for 94 GHz. It has been found 4 that

the vertically polarized radiation is much less affected by the wind, and

for 19 GHz, at zenithal angle of _0°, is almost independent of the state

of the sea. These facts demonstrate the possibility of the radiometric

detection of the ocean's surface conditions.

Similarly, it is possible to make radiometric measurements of

partially frozen water, because of the noticeable difference in the emis-

sions of ice and water at a given angle of incidence. The simultaneous

utilization of two radiometers at different frequencies may enable an

observer to locate otherwise undetectable areas of ice in water and permit

the measurement of its thickness. 9

Systematic measurements of the radiometric characteristics of a

selected set of material surfaces, for example various types of soil,

vegetation, etc., under rigorously controlled conditions, are being con-

ducted at Space General, Inc., E1 Monte, California. 4 A list of these

measurements and the equipment utilized is shown in the attached Table

ll-II.

- _16 -



Fisure U.1

Water Temperature T (°C)
g

Temperature of Horizontally Polarized .Radiation

as a Function of Water Temperature
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The apparent earth temperature observed through air includes the

effects of thermal absorption and radiation from the atmospheric gases,

and, in addition, possible scattering from fog and rain.

The apparent radiometric temperature of a calm sea, as observed

above, may be expressed by the formula

2
= T ev(1 LTa v - ew) Lv + v (1 - Cw)T s + T • L + T •W W V V V

where the subscripts v and w refer to water vapor and sea water, respec-

tively; L is the absorption loss and T is the sky temperature. In Figs.
S

ll-3 and ll-4 the sky temperature distribution at 3_ GHz is shown as a

function of the zenithal angle. 6

The sky temperature has been computed 7 at frequencies of 30, 70,

90, 140, and 2_0 GHz for a variety of conditions, as listed below:

Humidity Extent of Cloud Extent of Rain

2_% o o

_ o o

ioo._ o o

ii00_ up to 1.17_ 1.17 _ 1.17 km

lOO_ 1.17 _ 1.17 __

lO0_ up to 2.33_nn 1.83 _ 1.83 k_

l_ 1.83 _ 1.83

The difference in apparent temperature between the frequency of the first

water vapor resonance (22.2 GHz) and a non-absorbed frequency (for

- 420 -
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example, 35 GHz) offers a method for measuring water vapor concentrations

in the atmosphere. A map showing these differences should give the total

8
water vapor distribution over the earth.

Analogously, measurements of the emission from atmospheric oxygen

in air could give sufficient information about the gross temperature

structure of the terrestrial atmosphere below 40 km. 9

ii.3 PROPAGATION CONSIDERATIONS

Above an altitude of about lO km, the atmospheric density is low

enough so that pressure broadening is no longer the controlling factor

in molecular absorption. The absorption of ultramicrowaves therefore

becomes sharply frequency dependent, and will change with altitude as

the chemical composition of the atmosphere changes. Because of the nar-

row bandwidth of the absorption lines, the mediu_ can be considered

absorption-free for all practical communication problems. However, the

absorption lines may be used for the purpose of studying the composition

of the upper atmosphere. The detection of 02 and H20 has been previously

discussed, and a proposal for sounding by this method the high altitude

lO
water vapor co=tent using a satellite has appeared in the literature.

A similar method could be used to resolve the controversial

ll
problem of the presence of the NO radical in the D zone. Actually,

the NO absorption spectrum has a favorable cluster of lines located

12
around 250 GHz.

ll.3.1 Re-entry Plasma

High speed bodies entering the atmosphere undergo a shock-wave

regime which creates around them the so-called re-entry plasma. The
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electron density distribution associated with a re-entering body has a

complicated dependence upon initial velocity, mass and shape, and verti-

cal angle of approach. For typical conditions,ithis distribution may be

evaluated by the use of computers. When the initial velocity is suffi-

ciently large, the maximum electron density created at the front of the

re-entering body becomes such that its critical •frequency involves mil-

limeter and submillimeter waves. In Fig. ll-5 the theoretical stagna-

tion electron plasma is plotted as the function of free stream velocity

for various altitudes, assuming verticle re-entry, and neglecting lift

effects. -_ It appears that ultramicrowave may•be useful to assure con-

stant communications during the re-entry phase of space crafts.

11o3.2 Interplanetary Dust

Various concentrations and forms of dust particles are known to

exist in the interplanetary space. According to the phenomenology

through which it is revealed, this dust is usually subdivided into

meteoric dust,• noctilucent cloud, zodiacal dust, and cometary

14-18
dust.

The effect of this dust on interplanetary ultramicrowave com-

munication is expected to be totally negligible. However, it would be

interesting to establish whether the scattering produced by these

particles is observable. Evidence exists indicating that mslz_ laser

light echoes may be obtained from meteoric dust located at about lO0 km

above the earth. 20 According to the mechanism of reflection suggested in

the above-mentioned paper, the echoes are due to a selective concentra-

tion of particles of optimum size (about .l micron) to give maximum

- 424-
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backward scattering at the wavelength used (-7 micron). Since the size

of cosmic dust particles varies uniformly from a fraction of a micron to

21
several hundred microns, it is conceivable that the use of radar at

various frequencies in the submillimeter band may selectively detect the

presence of particles of different sizes. Furthermore, there are plane-

tary space regions of zero gravity, in which particles at rest are in

22
equilibrium. Six of such regions are known to exist in the earth-

moon gravitational system. These regions may be loci of concentration

of particles of similar size, and therefore may be particularly effec-

tive scatterers of radio waves at selective frequencies.

11.3.3 Interplanetary Plasma

It has been established_3- that the plasma emanating from the

solar corona extends well beyond the orbit of the earth. _ Radio waves

passing through this plasma may thus be subjected to intensity

fluctuations, and other refractive effects. Sowever, it seems quite

unlikely that millimeter and submillimeter waves, in view of their fre-

quency so well above the cutoff of the .nte_pl_ne_a_y plasma, will be

24affected by it. Accurate measurements of 0.184 GZz emission of the

radio star G Tauri_ at various angles with regard to the sun_ have

demonstrated that no detectable (within 5%) attenuation occ'_ at this

frequency for a propagation path of the order of 300 million kilometers,

426 -



11.4 EXTRA-TF2RESTRIAL P_DIOMETRY

11.4.1 Solar Radiometry

_ne atmospherically attenuated solar spectrum in the ultra-

25
microwave range has been studied by Averkov, et al., using a grating

spectrometer, and by Gaitskel126 using a Fabry-Perot interferometer. In

order to obtain an estimate of the absorption coefficient of atmospheric

water vapor, a series of spectra were recorded at different solar ele-

27
vations. Bands of relatively high atmospheric transparency have been

noticed, centered at the frequencies of 307, 340, 405_ and 670 GHz. The

relative intensities observed at these frequencies were consistent with

28
the attenuations expected from water vapor absorption.

The relative intensity of solar emissions in the radio frequency

band is shown in Fig. ll-6. 29 The 100-3,000 GKz frequency band appears

to be covered by the thermal emission of the quiet sun, and by the type

IV solar burst° _nis type of burst is associated with large solar

flares, and generally lasts from about ten minutes to several hours. The

origin of the phenomenon 30 seems to be associated with synchrotron radia-

tion from accelerated electrons of exponential rigidity. The magnetic

field necessary to produce the observed spectrum is below 500 gauss, and

the number of electrons involved is of the order of the number of protons

accelerated in a large flare. Observations of the spectrum extent give a

measure of the maximum energy in the flare. Calling 7 the ratio of the
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Relative intensities of the different Solar emissions as a

function of frequency. For solar activity only maximum values

are given. The values for coronal condensations correspond to
the emission of only one intense center of activity. For
comparison the intensities of Jupiter's emissions and of the
radio source Cassiopeia A are also plotted.
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electron energy to their rest energy, the _ignest frequency of the radi-

ated spectrum is given by the formula

2

_m(Hertz) = 2 I06 y B(gauss )

For electrons of 50 MeV, and B = 500 gauss, it is _ = 1,000 GHz.
m

The sun shows blackbody temperatures of 5,800°K at 300 GHz I and

6,400°K at 94 GHz. 31

Detection of changes in the c_hromospheric temperature may be re-

lated with solar flare activity. 32-34

During a total eclipse, the residual thermal flux which originates

from the annular ring of the outer radius, 1.5 times that of the optical

sun, was measured to be 524 of the solar flux. 35

ii.4.2 Moon Radiometry

Radio observations of the moon are s_mmarized in Table ii-III.

At 94 GHz the lunar temperature observed is, T :: 208 _ 21°K. 36

Millimeter radiometry may make important contributions to the

study of the moon:s structure. Observations at the near infrared

(8-14 micron) have shown 37 that "hot spots" exist in the Tycho and

Copernicus craters. Longer wavele__g,ns, being more penetrating, may give

t__e detailed distribution of the surface temperaturemore information on

38
of the moon.

11.4.3 Planetary Radiometr_

0nly a small fraction of planetary radiation is due to reflected

and scattered solar radiation. The most important contribution of the

observed planetary radiation in the ultram_crowave region is the effect
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Table ll-III
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40<..t.$)']
0.16 "r e -,, ISO (slnlle obeerva.

11o11)
0.86 "Te m 145 tO22.5
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of the thermal energy of the planet itself. This energy comes, actually,

from the sun via visible and near infrared radiation, and is re-emitted

by the planet as the thermal radiation of a black-body heated to a char-

acteristic temperature, Tp. The radiation emitted from the planet may not

be uniform because of the spatial variations of the thermal properties of

its surface or of the atmosphere around it.

A list of planetary and satellite equivalent temperatures for the

rotating (equatorial) or the non-rotating (polar) cases, are listed

39
below.

Planet or Mean Diameter T T
rotating non-rotating

Satellite Distance (Mega- o

A.U. meter) K OK

Mercury o.39 2.4 471 561

Venus .72 6.2 230 273

Mars 1.52 3.4 219 260

Jupiter 5.20 71.4 88 105

Saturn 9.55 60.4 64 76

Uranus 19.2 23.8 33 39

Neptune 30.1 22.3 32 38

Pluto 39-5 7.2 43 51

Jupiter iii 5.2 2.47 107 129

Jupiter iv 5.2 2.34 ll5 137

Titan 9-55 2.5 88 104

Ceres 2.77 0.37 168 200

Pallas 2.77 0.24 167 199

Note: A.U. (astronomical unit) is the geometrical mean distance of the
earth from the sun, and is 1.49 10P megameter.
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The terrestrial atmosphere is a factor which limits the radio-

meter's performance on the earth by giving sky radiation background and

absorption. The minimum detectable temperature Td of an extended body

(as the moon) is a quantity of considerable interest. During an average

night the sky delivers a radiation of approximately 5 × lO -9 watt. Cor-

respondingly, the expected statistical fluctuation is lO -14 watt. 40

Ultramicrowave observations of planetary spectra, possibly per-

formed with high flying aircraft or satellites, would permit the

identification of atmospheric gases in the planet, the measurement of

their relative abe:dance, and the determination of the atmospheric

41
structures. The possible gaseous components of planetary atmospheres

having molecular spectral lines in the radio-frequency band are tabu-

lated below. The planets Venus , Earth, Mars, Jupiter, Uranus and Neptune

are indicated by their initials: upper case letters indicate compo_uds

already fo_ud; lower case are compounds of probable existence.

Gas Planet

2 v,m,E

OH E

3 v,m,E

_0 V,M, E

_s j,s

so2 E
NO E

NO 2 v_m

N20 v,m

N5 J,S,E

CO v,E,m

C_O E

CH 4 v, E,m, J,S,U,N

432 -



42
Radar astronomy at millimeter waves is still in its first steps

but promises interesting new contributions when sensitivity improvement

of at least 30 dB will be obtained.

11.4.4 Venus Radiometry

The ultramicrowave radiometric study of Venus could reveal in-

formation of this planet which is hidden from optical vision.

A number of observations of Venus were made, starting in 1956,

at each conjunctibn. The most significant result of these observations

was the discovery that the emission of Venus at millimeter wavelength

(37.5 and 75 GHz) corresponds to a black-body temperature of about

400°K, while at 1.4 GHz the deduced temperature is 600°K. 43

Mariner II carried two microwave radiometers, one at 1.6 and one

at 2.2 GHz, in close proximity to the planet. The measured temperatures

44
were 460°K and 400°K for the limb scans, and 570°K for the center.

The temperatures of Venus observed from the ground at various

ultramicrowave frequencies were 45 (see Fig. 11-7):

Observed _empe_ature Frequency

oK GHz

375 + 17 35

330 + 9 70

3oo + 4 94

The microwave spectrum of Venus, measured around the 5 1 - 6 5 transi-

tion of the water vapor molecule, has shown no water vapor reso-

46-47
nance. Further work along these lines is suggested.
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Figure 11.7 The microwave spectrum of Venus

(Error bars are omitted where the points cluster

closely tosether, but those shown are generally
typical. )



I

11.4.9 Stellar and Nebular Radio Sources

A list of stellar and nebular sources up to a frequency of about

'48
lO GHz is currently available. Only a limited number of observations

have been performed above that frequency.

Portions of the radio spectra of Taurus A and Orion A are shown

in Fig. ll-8. 49-90 To justify the observed spectra of these nebulae a

model is required having two separate emissions; one at lower fre-

quencies from the dense regions, and the other at ultramicrowave fre-

quencies due to denser conglomerations.

In general, the radio spectra of nearly all radio objects sug-

gests a great conformity in the radiation mechanism, namely the syn-

chrotron radiation connected with the motion of relativistic charges

having exponential rigidity. 91 Therefore, the detailed observation of

the radio-frequency stellar spectrum, possibly from a station located

outside of the earth's atmosphere, could give a notion of the energy

involved in the emission of stellar radio objects. 92"93

11.4.6 Interstellar Space

Interstellar space contains gases and cosmic dust, with a con-

centration which varies from place to place. The origin of this mat-

ter is attributed to "sputtering" from hot celestial bodies, and frag-

ments of exploded stars. 94 The average concentration of interstellar

hydrogen, near the galactic plane, is 9 x 105 m "3, mainly in a non-

ionized state. Helium has also been detected in a concentration of

about 204 smaller. Other elements, atoms, molecules, and free radicals,

show a concentration ranging from 103 m -3 to i m -3. In addition, dust
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particles exist with an entire mass which does not exceed 14 of the mass

of interstellar hydrogen. They may be aligned by intergalactic magnetic

fields, and give rise to polarization of stellar light, l_J_thermore,

dust particles play a catalystic role in the formation of interstellar

molecules. 55

The interaction of stellar radiation with interstellar radiation

and interstellar matter during its lengthy path through it is revealed

by both emission and absorption effects. Since 1945, when Van de _Dalst 5_

predicted the detectability of the "spin-flip" of the atomic hydrogen

line at 1.4 GHz, a huge amount of observation data have been accumulated

on interstellar microwave emission. More recently, the recombination

emission of ionized hydrogen and helimr_ have been detected. 57-58 _ese

emissions occur at frequencies given approximately by the Rydberg formula

= 3.3 lO_( I/N'2_ 1/_ ) m_z
N,N'

where N' and N are two principal quantm_ numbers. _._e Jr tensity of

these lines decreases with increasing AN so that only _N = 1,2 amd 3

are generally considered. Note that the u!tramicrowave spectrJ_ is

covered by quantum numbers larger than abc_t 15. The detection of these

lines from the earth's surface is hampered by atmospheric and ionospheric

absorption, but the complete spectrum should be obser'/able from a

satellite-borne receiver.

Also absorption 59 and emission 60-61 of the radical OH was

observed. _ne spectrum in this case is due to the transitions assoc-

,:*'o,m_ S_7 _i-_z).iated with doubling and splitting of rotational levels (........ i. _:

62
_nis mechanism of emission has been associated with a maser effect°
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Many other constituents of the interstellar medium are liable to

be active sources of emission and/or absorption in the ultramlcrowave

band. Evidence exists on the excitation of the free radicals CN and

CH+° 63 There is no doubt that promising results are expected from the

extended application of ultramicrowave radiometers in this type of re-

search.

A practical datum of considerable importance is the level of the

background noise of space in the millimeter and submillimeter band.

Dicke, et a164 have suggested that radiation emitted during a contracted

stage of the universe may still exist in the form of black-body emission

at about 3°K. The experimental evidence which has been collected up to

the present is in surprising agreement with this theory. The measured

values are:

frequency temperature

GHz oK

4.1 3.9 + 1.o (R_f.65)

9._ 3.0 + 0._ (Ref. 66)

114.9 2.7_-3-4 (Ref. 6_)

11.9 SUMMARY A_-DRECOMMENDATIONS

A radiometer located on the earth's surface is subject to radia-

tion coming from both the ground and the warm atmosphere, and can only

detect objects whose brightness temperature is abovea certain threshold.

For an extended object in a limpid dark sky this threshold is about 70°K

in the ultramicro_ave band.
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Terrestrial radiometry offers promising uses for ground and

air detection, and for oceanographic, geological and meteorological re-

search.

Extraterrestrial radiometry represents a new astronomical tool

as yet unexploited. In particular, it appears useful for solar flare

forecasting, planetary atmospheric and surface study, and the detection

of interstellar matter.

it is recommended that:

l) Emphasis be given to the extension of the super-

heterodyne radiometer in the submillimeter region. Submillimeter masers

could provide stable and low noise local oscillators, and no upper limit

has yet been set for the usable frequency of point contact mixers.

2) An evaluation be made of the use of ultramicrowave

emission or absorption spectrometry above 100 G_z to study gases of

terrestrial and planetary atmospheres.

3) Air-or-satellite-borne ultramicrowave radiometers be

extensively used for a detailed study of the earth's surface°

4) An evaluation be made of the feasibility of the pos-

sible use of aircraft, balloon or satellite borne ultramicrowave radio-

meters for astronomi_al observations.

5) Further attemtion be given to ground-based astronomi-

cal observations (particularly at high altitudes).
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APPENDIX X!.A

FD__DAMENTAIS OF RADIOMETKf

II.A. i _nermal Sources

All bodies which are not at zero temperature radiate electro-

magnetic energy. A good radiator is also a good absorber of radiation.

An object which absorbs all radiation incident upon it is called a

"black body". Black-body radiation is a function of temperature and

wavelength only. The ideal black body is well approximated by a small

hole opened in a hollow box ?_ving isothermal walls. Inside the box

the radiation moves in all directions and at all polarizations. In terms

of the wall temperature, T, the brightness, i.e., power density flowing

out of the hole into a unit solid angle, per unit bandwidth,..is given

by Planck 's law

2h¢ (exp - 1)-i r.%tts ]-- -7 k-_ L m_"_:z rad '_ (-_--l)

where h is Planck's constant (6.62 i0 -3h joule sec), v the frequency,

-2
and k is Boltzmann's constant (1.38 i0 3 joule ).

oK

Integrating (A-l) over all frequencies_ the total radiant flux

of the hole results

GO

oah3
o

where _ = 2(_5/15) k4/c_ 3 = 5-67 i0 -8 watts/m 2 °K4

is Stefan's constant6. 8

X5 (exp x - i) -I dx = c._.4,±, rw__._tt__2] (A-2)

L m-_raa

(A-3)
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Maximizing (A-l) one gets Wien_'sdisplacement law

= 2.77 k T/h = 5.8 i0 I0 T
max (A-_)

which relates the temperature of the black body _ith the frequency of

maximum radiance emittance.

From (A-I)_ (6-2), and (A-4), it appears tLat the whole ultra-

microwave band is well covered by black-body thermal emission at

temperatures starting from about 4°K. For a non-perfect black body

the thermal emission depends upon the physical chara<_teristics of the

radiating surface. _mhese characteristics are generally expressed 69-70

in terms of an equivalent brightness temperature TB, which is a

function of both angle and frequency. The receiving antenna plays an

important role in the definition of the brightness temperature. It

has been pointed out by Dicke 7i that the effective antenna temperature

is related to the temperature of the bodies with w__i_:h the antenna

exchanges radiation in the frequency band under consideration, not that

of the surface of the antenna itself.

II.A.2 Antenna Temperature

If the antenna is completely enclosed by an isothermal surface

at temperature TA, it behaves like the previously mentioned _iole ,

and the total power absorbed by its mat,__.ed load is given by,
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I A_4_ A

I
I

i

I
I

A(o)dOd_ CA-5)

where, A(_) is the effective aperture of the antenna in the direction of

the incident rays, Av is the antenna bandwidth, and the factor i/2 ac-

counts for the assumption of unpolarized radiation.

Since the definition of antenna aperture implies 72

(A-6)

where G(_) is the antenna gain in the direction of the rays, (A,_) may

also be written, introducing (A-6) and (A-l),

I
I
I

I
I

I

I
I

I

Fc"

_ h_ G(_)_ dDd_ (A-7)
PA = jj exp ( h_' _m.I -I

A_ 4_

and, for kTA >> h_ (Rayleigh-Jeans approximation)

kTAA_ F

PA _i_-__ G(O)d_ = kTAA_ : (A-8)

which is formally identical to the expression of the Nyquist noise.

Incidentally, if the antenna is connected to a load, the maximum value

of noise power transferred to this load is

PT = kTAAV (A-9)

and occurs when the load is matched tothe antenna.

In general_ however, the radiating source has a limited extenslon_

so that the antenna cannot be considered completely enclosed by an

- 4_ -



isothermal surface. In this case, it is assumed that expression (A-5)

is still valid, but now the brightness temperature, TB (_,_), is con- I

c 79sidered to be a function of both angle and frequen y.

Thus, the antenna temperature is defined by I

In the realm of the Rayleigh-Jeans approximation and for practi-

cal situations when TB is essentially constant over the antenna band- I

width, Eq. (A-lO) _fbec°mes I

= dn (A-11)

In practice, the brightness temperature TB of a radiating body is ob-

tained by measuring the total antenna temperature, using (A-9) and

(A-lO) in the presence and absence of the source.

When the antenna beamwidth, and the solid an_-e _,_-_,t,]_e r%gLi_-

tion source are such that the gain function subtending the source is

constant and approximately equal to the maximum directive gain Go, the

effective antenna temperature may be expressed in terms of the bright-

T Bness temperature distributions TB source, sky and T B earth of the

source, the sky and the portion of the earth viewed by the antenna

minor lobes

1 0T B + _kvG(_)T B sky (_) d_+ _fe G(_)T B eart_)d_TAS = _ Go source art

= T source + T sky + T earth- (A-12)

I

I
I

I
I
I
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where TAS is the effective antenna temperature in the presence of

radiation coming from the ground, which has a brightness temperature

of about 290°K. In the case of antennas with a reflector this radiation

enters directly into the feed horn, usually along paths close to the

edge of the reflector and is called "spillover" radiation. All radia-

tion received from directions other than the main beam, which also in-

cludes the spillover radiation is called, collectively, "minor-lobe

radiation." The noise contribution of this minor-lobe radiation from

the earth depends critically on the type of antenna and its feed system

and may vary from as low as a few degrees to as high as an appreciable

fraction of 300°K.

At shorter microwave wavelengths and at millimeter and submilli-

meter wavelengths, where antennas have good resolution, the gain function

is not always necessarily constant over the solid angle subtending the

sources.

In this case, Eq. (A-12) must be rewritten as

source s

= Tsource + Tsky + _earth (A-13)

The effective antenna temperature in the absence of the radiation source

is only determined by the second and third terms in (A-13) only.

At millimeter and submillimeter wavelengths, where water vapor

and oxygen resonance absorption create a lossy atmosphere, the observed
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antenna temperature in the realm of the R-J approximation maybe expressd

then as

TAS=-/C I L_) Tat + IL__(Tsource + T sky ) + T earth (A-14)

where Tat is the average temperature of the atmosphere and L° is the

loss factor of propagation,

Lo = exp(f _ (h)'sec O _)

0

with _(h) the attenuation coefficient of the atmosphere, h ° is the

observation height and 0 the angle at which the wavepath is inclined

with respect to the zenith.

(A-15)

The above formulas are used to calculate data such as given in

certain figures of Chapter II.

If GI and _2 denote the fractional absorption coefficients of

the antenna and the connecting waveguide which are assumed to be at

the ambient temperature To, then the effective antenna temperature TAR

at the receiver terminals will be,

TAR = (i - c_2) [(i - (_i) TA + _iTo ] + (_2 To (A-16)

= +_2 TTAR (1 - _I) (1 - _2) _A + _l (1 - _2) To o (A-17)

Thus, (I - al) (i - _2) TA is proportional to the noise power

which reaches the receiver due to the effective antenna temperature.

_I(I - _2)To is proportional to the noise power reaching the receiver

that is emitted by the ohmic losses of the antenna. _2To is proportional

- 445 -
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to the noise power reaching the receiver emitted by the ohmic resistance

of the waveguide. When (zI and a2 are negligible TAR __.TA.

ll.A.3 Application of Radiometers

The purpose of a radiometer is to detect radiation in a given

frequency region and from this to determine the equivalent black body

temperature of the source. The important parameters of a radiometer

are :

i) the receiver sensitivity

2) the antenna spatial resolution.

The sensitivity of a radiometer can be specified either in terms

of the minimum power change, or in terms of the minimum equivalent black

body temperature change which it is able to detect. The relation be-

tween these two quantities may be obtained from (A-7), i.e.

hv

h2_C-(_) e._ (_-.:_)
dDdv = k_Av (A-17)A-_:_

A_ 4_

Note that when h_ << kT, and the beamwidth of the antenna is smaller

than the angular dimension of the source, then

_-_ 1 (A-18)

According to the technique used, ultramicrowave radiometers have

been distinguished 73 as coherent or incoherent radiometers. A coherent

radiometer is a generalization of a device known as the Dicke radiometer

and makes use of a superheterodyne receiver (utilizing"coherent" detec-

tion) such as shown in Fig. A.1. At present, in radiometers below lOOGHz
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_.e local oscillator operates at its fundamental frequency; above i00 GHz

harmonic mixing is used. 74

The minimum detectable power of Dicke's radiometermay be expressed

by75-76

APm = C_No + AN (A-19)

where N is the ambient noise power
o

F is the total noise figure of the receiver

B is the IF bandwidth

T is the integration time after detection

is the noise factor of detector

AN is the difference of noise power commuting from the reference

source to thebackground.

If AN is set equal to zero and the following equivalents are used

AP m = kBAT

_(F-I)N ° = kBTAR

one obtains Eq. 2.10 of Chapter Ii, i.e.

TAR (A-20)

The values of (A-19) and (A-20) are usually minimized by making

B and T as large as possible. The spatial resolution sensitivity of the

coherent radiometer is dictated by diffraction.

II.A.4 Radiometer Characteristics

Table A-I presents a list of state-of-the-art sensitivity ob-

tained by microwave radiometers. These are capable of detecting changes
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TABLE A-I

STATE OF THE ART RADIOMETERS

Coherent

I
I

I
I

I
I

I

Frequenc_
GHZ

19

35

70

94

14o

225

6oo

L.O

Klystron

(fundamental)

solid state

(fundamental

Klystron
(fundamental

Klystron

(2 harmonic)

Klystron

(2 harmonic

Klystron

(3 harmonic)

Carcinotron

2 harmonic)

mixer

tunnel-
diode

balanced

crystal

crystal

crystal

crystal

crystal

crystal

B

MHz

9oo

900

8oo

9oo

1,900

1,900

I,900

F

db

l 7.9

1 16

IO I 18

r
1120

I

t0 ! 26

ioi 30

I
I0 I33

AT
O

K

1.io-I

2 °

2 °

ii°

AP

watt __

7. io"16

2 lO-19

_1_

3-9 I0 _

1.4 lO -14

3x I0 -14

lO-14

2.3 lO-13

Ref.

77

2

2

77

2

78

I

I

I
I

I
I
i

Frequenc

GHZ

890

89o

Incoherent

Detector

Low type

Golay type

Antenna

Gain

Efficienc

6._ 1o-3

6.z_ 1o-3

B
MHz sec

9

I0

AT

0.2

23°

AP

1.6 io-ii

1.6 lO "9

Ref.

27

27



of effective antenna temperature of ten degrees or less with greater than

9_ certainty when using an effective video bandwidth of one cycle (or an

observation and integration time of one second). ....

Above i00 GHz, where the lack of oscillators and point contact

detectors hampers the construction of microwave radiometers, far-infrared

radiometers may be used by the extension of techniques commonly empioyed

in the infrared.

A diagram of a typical far-infrared radiometer is sketched in

Fig. A-2. _e input frequency selector, called a monochromator, generally

consists of a diffraction of echelette grating, combined with a transpar-

ency filter (i.e., black polyethylene, crystal quartz, etc.) which elim-

inates the higher order diffraction pattern. (This is the reason why

this type of radiometer is also referred to as a quasi-coherent radiometer).

It may appear that in the far-infrared radiometer the simplest

signal modulation would be a rotating chopper placed along the path of

radiation. However, in this case the noise compensatiou, which is easily

performed in the Dicke radiometer, becomes a difficult task. The modula-

tion therefore requires, in addition, the provision of an interferometric

device such as a movable reflector (Michelson) or a lamellar grating with

variable groove dep ....(see Fig. A-3) T!wo typical interferometric modula-

tors, one aperiodic and the ÷_o ......er periodic, are shown in Fig. A-4b and

Fig. A-4a, respectively. The aperiodic interferometer requires a video

amplifier and a digital computer, while the periodic interferometer is

simpler at equal sensitivity. In both cases the minimum detectable power

may be expressed by Eq. A-12. 79 In this case, however, the noise power
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level at the detector input is related to the total noise power spectral

density, and the integration time is inversely proportional to the spectral

pass-band. In the aperiodic case the minimum detectable power is optimized

by slowing down the scan velocity, and in the periodic case by lengthening

the integration time.

In the incoherent radiometer the detector is generally thermal

(superconductive thin film bolometer, gallium-doped germanium bolometer,

Golay cell) or photoconductive (indium-antimonide detector) as discussed

in Chapter IX. These detectors receive the radiating energy directly on

their surface, which has a finite area. This differentiates them from

point contact detectors used in coherent radiometers, where the detector

is a part of a lumped circuit. In the far-infrared radiometer, instead,

the detector must be participating in some way toward the pick-up function

of the antenna. Because of the finite area of the detector, the gain of

the antenna beam is limited by phenomena of geometrical optics rather than

by diffraction.

In this case it has been shown 70 that if the beam_Tidth of the

antenna is smaller than the angular dimension of the source, the incoherent

radiometer is more sensitive to temperature change than the coherent

radiometer, for the same sensitivity to chamges of received power.
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Chapter XII

MILLIMETER _ND SUBMILLIMETER WAVE MEASDqq_M_

12. i INTRODUCTION

As one goes up in frequency from the microwave region, the appli-

cable techniques for measurement change. Most of the standard rectangu-

lar wavegulde components are available up through 220 G_z; however, the

cost is high, and the precision and performance are limited. Complete

measuring systems for determir_g attenuation, phase shift, etc. are also

available, in the lesm eo_v_+,io_1 v_v_m_i_i_= systems =_o_. == a_=1=o_

tric image, V-lines, overmoded circular and rectangular waveguides, etc.,

standardized components are, in general, not available. Consequently,

to use such waveguides the investigator must devise and fabricate his

own components. This places a limitation on what he can do with such

lines without a very large peripheral effort.

The millimeter wave region mainly utilizes techniques extended

upward in frequency from the microwave region. Scaled versions of kly-

strons and magnetrons are available to provide signal power; rectangular

waveguide and corresponding components are utilized and crystal mixers

and detectors still function adequately for some purposes.

At the submillimeter wavelengths, however, one appears to be

reaching the limit to which conventional microwave techniques can be

pushed, as pointed out elsewhere in this report. Here one also en-

counters the extension of optical and infrared techniques downward in

frequency. Hence in this region the use of ray optics in analyses often
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is preferred to the solution of Maxwell's equations. In the laboratery,

gratings, prisms, quarter-wave plates, and other tools of optics take the

place of their waveguide equivalents. At the same time, one finds quan_

tum generators and detectors being considered for application. Thus in

the millimeter and submillimeter range are found a fusion of techniques

derived from the Spectral regions on either side.

12.2 QUANTITIES TO BE MEASURED

The fundamental quantities which must be measured are, as in

the microwave region, power and frequency (or wavelength). Other

quantities of possible interest are impedance, phase, reflection co-

efficient, transmission coefficient, polarization, etc.

12.3 LIMITATIONS OF EXISTING TECHNIQUES IN GENERAL

We may characterize radio frequency measurement systems as active

or passive techniques, according to whether the signal source is a part,

or is not a part of the measuring system. In active systems the neces-

sity of having a source may pose a serious limitation in the millimeter/

submillimeter regio n because of restricted outputs available with re-

spect to source and frequency and with respect to cost. The dollars-

per-milliwatt figure assumes very high values above 100 GHz. Table

12.I lists the availability of sources in the millimeter/submillimeter

region of the spectrum.

The increasing difficulty of using conventional waveguides at the

higher frequencies has already been mentioned. The principal feature

which degrades their utility is the high value of attenuation attained.

For example, rectangular waveguide for the 220-329 _z range typically
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II
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TABLE 12. i

Availability of Laboratory Sources for

Millimeter and Submillimeter Wave Measurements

Frequency in GHz

I

I

I
I

I
I

I
I

I

I
I

I
I

i

Reflex

Klystrons

Floating Drift

Klystrons

Magnetrons
BWO

Lasers

Harmonic Gen

Packaged Sig
Gen

Packaged Os-
cillators

Packaged Sweep
Gen

Random Noise

Gen

26.5-40 33-50 50-75

x X

x X

X X

X x

x X

x

X

X

X

X

x

X

x

X

x

x

x

X

60-9o

x

x

x

x

x

x

_9o-140

x

X

x

x

ili0-170

X

x

x

X

140-220

x

x

220-329

X

x

X

has a theoretical attenuation of 4.05 dB per foot for pure copper. It is

well known that actual waveguides seldom behave as well as theoretically

predicted. Oxidation, dirt, oil films, surface imperfections, and mis-

alignment can cause significant degradation of calculated values. The

high attenuation decreases the overall sensitivity of a detection system

and may significantly restrict the flexibility of the experimental arrar4e-

merit.

Most of the alternates _o rectangular waveguide that have been

proposed for the super-high frequencies have been evolved to provide a

lower attenuation value, b_fort_nately, in attaining improved performance
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in this area, they have in general lost the convenient geometry that led

to useful waveguide components. Consequently, waveguide systems for

measurement in the millimeter/submillimeter region leave much to be de-

sired, even in those ranges where standard guides exist.

If one turns to overmoded waveguide (circular or rectangular) or

to beam waveguide, the attenuation problem diminishes greatly in so far

as wall losses are concerned; however, the design of components becomes

more complex. Furthermore, at submillimeter frequencies atmospheric

attenuation can be important. If the guiding system is enclosed, it can

be evacuated or filled with inert gas. This adds complication to the

system.

12.4 OBJECTIVES IN MEASUREMEH2

Any method of measurement has the following attributes which

influence its suitability for a particular application:

1. accuracy

2. calibratability

3. stability

4. utilizability

5. ease of construction

6. ruggedness

7. cost

Definitions of these are available from textbooks on electrical measure-

ment. The foregoing paragraphs have indicated that accuracy, stability,

ease of construction, and cost are of great concern in the millimeter/

submillimeter range.
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12.5 POWER MEASL_qEMENT

12.5.1 Calorimetry 1-25

A standard method of power and energy measurement adaptable to

all frequency ranges is calorimetry. In this method the energy to be

measured is converted to heat, and the temperature rise of a calorimet-

ric substance is measured. Commonly the latter is a liquid such as water

or oil. However, there are many embodiments of the technique, some of

which are "dry".

In the so-called static, liquid calorimeter, the energy to be

measured is introduced and converted to heat in a region essentially

surrounded by liquid. The latter is usually stirred so as to insure

good heat transfer to it from the heat source. The temperature rise is

almost exponential for a sustained input level. The energy components

involved are given by

k AU = M Ct AT + losses

where k is the conversion factor from the input units (typically Joules)

h

to kilogram calories (k = 2.3889xi0 -_ kg.-cal./Joule), AU is the energy

input in Joules, M is the mass in kg., Ct is the specific heat in kg.

cal./kg./°C, and AT is the temperature rise in °C. The losses must be

evaluated by supplementary measurement and analysis and, in the equation

shown, are expressed in kilogram calories.
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To apply static calorimetry to power measurementit is necessary

to accurately know the time interval during which power is applied. Thus

we have

and

AU
Pav = A-_

To removethe inaccuracies arising from the uncertainty in the

values of M, Ct, and At, a comparison technique is usually used in which

accurately knowndc power is dissipated in the sameor an identical

structure within the calorimetric mediumto achieve the sametemperature

rise as with the unknownpower. This, of course, introduces a new error,

but by careful design such substitution error can be made small.

Calorimetry modified in this way, and with other refinements,

is considered a standard method for the measurement of microwave power

and provides the basis for calibration at several frequencies by the

National Bureau of Standards. The accuracy achieved by N. B. S. is of

the order of 1%.

The dry calorimeter is more attractive to the ordinary labora-

tory. Here, the temperature rise of the dissipative element structure

is directly measured by thermocouples attached to it. DC calibration

can be used. Dry calorimeters are available commercially up to 220

GHz 23 and normally have overall accuracies of about 5_. Fundamentally

there is no reason why dry calorimetry could not be used up into the
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submillimeter region. However, the accuracy obtainable would be less

because of increasing difficulty in maintaining matched conditions and

because of increasing coupling losses.

The mismatch error arises from the fraction of incident power

not converted to heat. The fraction of power not so converted is given

by the square of the magnitude of the voltage reflection coefficient.

The termination efficiency can thus be given very closely by

where Fis the reflection coefficient and S is the VSWR. A plot of this

is shown in Fig. 12.1.

In addition to the above effect, one has to contend with the

fact that some of the net input power will be dissipated in portions

of the structure other than the region desired. As the frequency is

raised, and conventional waveguide attenuation goes up, this effect

becomes increasingly important, and it is a factor to be reckoned with

in bolometry as well as calorimetry. The resulting error is termed the

mount efficiency error. Clearly these factors will play important roles

in power measurement in the millimeter/submillimeter wave region. Never-

theless, the validity of calorimetry as a basic teclLuique is not de-

stroyed.

26-39
12.5.2 Bolometry

In bolometry the resistance change of a temperature-sensitive

element is used as a measure of the heat causing the change. Commonly,

substituted dc or low frequency power in the same unit is used as part
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of the measuring scheme. Generally the substitution and mount effi-

ciency errors of bolometric devices are high relative to calorimeters.

However, bolometer mounts can be calibrated against calorimetric stan-

dardsto give high overall accuracies. Barretter or thermistor mounts

are commercially available for frequencies up to 220 GHz. Figures ]2.2

and ]2.3 show minimum claimed mount efficiencies and typical mount

efficiencies for several commercially available mounts. There are

several other manufacturers making equipment in this range. The data

given, however, are typical of all.

The choice of barretter or semiconductir_ thermistor at these

frequencies is often dictated by what is available. If both types are

available, the choice _ast be based upon the nature of the measurement

to be made and the accuracy desired. Table 12.iI shows a comparison of

approximate characteristics taken from various sources.

TABLE 12_II

Comparison of Approximate Characteristics of

P_rretters and Semiconducting _qermistors

I

I

I
I

I
i

Barretter

Thermisto_

Sensitivity Radio

(o_I_w)

4-]20

25-35

Time Constant

(msec)

0.i - 0._

i000

_rif_
(pts/c

l.gxlO -3

_0

1.8xlO "

M_x. Pwr.

(mw)

lO-25

4O0

Min. Det °

ewr.(w)

10 -8_ 10-9
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At the frequencies under consideration here there is a considerable

fabrication problem associated with whatever type of waveguide is used.

In the small size waveguides this is caused by the tiny dimensions of the

sensitive elements, whether they be of the barretter or of the
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semiconductor type. In overmoded waveguides the problem is to design a

bolometer which will absorb all of the incident energy in all modes pre-

sent without generating additional modes. There is also some evidence

that despite the tiny size, skin effect plays a role in the behavior of

both types.

The above remarks have been primarily directed at thln-wire and

semiconductor bead bolometers. Another type that has been applied in the

microwave range, and which holds some promise for the higher frequencies

4o-41
as well is the thin film bolometer. A vacuum deposited thin film of

platinum, nichrome, or other suitable material on a non-conducting sub-

strate is mounted in the waveguide and forms the dissipative element.

Typically, heavier deposits of gold provide the means of connecting to the

external circuit. Thin film bolometers have been applied, at least ex-

perimentally, up to about 75 GHz. It appears that they might provide a

usable technique for use in overmoded waveguides where the use of a thin-

wire element might be disadvantageous due to mode conversion problems.

Other thin film devices utilizing thermoelectric elements have also shown

promise in the microwave region up to 35 GHz and probably can be used at

42-45
higher frequencies.

12.5.3 Force and Torque Methods 47-62

The familiar radiometer, in which vanes blackened on alternate

sides are suspended so that they can rotate in a region of reduced gas

pressure, was invented by Sir William Crookes and forms the basis of a

serious radiation measuring instrument in the ultraviolet through the far

infrared region of the spectrum. By using a single vane suspended by a
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quartz fiber and an optical beam from an attached mirror, extremely min-

ute intensities have been measured, such as those of individual stars. 46

Vane deflecting instruments of a different type have been de-

veloped in the microwave region and form the basis for a commercially

available watt-meter for use at x-band. 47-90 In yet another type of in-

strument the interaction of the electromagnetic field with a suspended

rod in a resonant cavity excites torsional oscillations, the amplitude

of which is proportional to the exciting power. The technique has been

applied to milliwatt levels of power measurement up to about 35

GHz.24'25'55'56'60

In the Acs power meter 61'62 incoming power is dissipated in an

absorbing vane so mounted as to activate the motion of air by natural

convection. The convective air flow is then detected and related to the

incoming power. _ne principle has been applied to a commercially avail-

able x-band power meter in Hungary.

Little has been reported on the extension of any of these

techniques to the millimeter/submillimeter region of the spectrum. It

is very possible that force-torque methods could be used to provide an

accurate instrument of reasonable sensitivity in this region°

12.5.4 Radiometers as Power Measurin6 Instruments

Radiometers are described in detail elsewhere in this report,

hence, we shall not treat them in detail here. However it should be

pointed out that besides providing means for making temperature and noise

measurements on distant bodies, these instruments can be used for minute

power measurements in the laboratory.
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12.6 FREQUEN_fANDWAVELENGTHMEASUREMENT

12.6.1 Resonant Structures

The familiar technique of using resonant cavities continues to be

useful as the frequency is raised. Cavity wavemeters are commercially

available up to 220 GHz. Above this frequency the technique can be used

with increasing mechanical difficulties and with decreasing Q-values.

There is no reason, however, why enclosed cavities are always

needed. In the optical and infrared regions of the spectrum open reso-

nating structures are familiar. Actually, workers in these fields speak

of interference patterns, but these are, in our parlance, standing wave

patterns. In the simplest of such structures which has been adapted to

the millimeter wave region, two large, flat, reflecting plates are

aligned parallel to one another. Energy is introduced into the system

usually through an aperture in one of the plates. ET_e plates are large

enough and the spacing far enough that the energy can bounce back and

forth between the plates in essentially a TEMwaveo A probe completes

the system. W2_enthe spacing is adjusted so that resonance occurs_ the

probe Can be used to measure the standing wavelength°

In such a cavity the Q is determined by the end plate dissipa-

tion and by the loss of energy from the open sides of the structure

(diffraction loss). For the lowest order resonance this is give_ by

_2VI. 4

_D= 0.2_) where the reflecting plates are _ by _ in dimensions,

the separation is b, and k is the wavelength. If the plates are large,

the latter loss can be small, and substantial Q-values can be obtained°
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Optical interferometers have been adapted to the millimeter wave

region. The principles are well presented in standard optical texts 63

and the adaptation summarized by Harvey 64, Brown 65, and Tremblay and

Boiven 66. Essentially, the idea is to provide interference Between two

(or more) rays in such a way that adjustment of an element of the inter-

ferometer and the corresponding shift in the interference pattern can be

used to deduce the wavelength. It can be seen therefore that the idea is

very similar to that of the parallel plate resonator with probe. Besides

their use in determining wavelength, interferometers can be used to de-

termine the velocity of propagation and the transmission properties of

materials.

In making the transition from the optical region to the milli-

meter/submillimeter region, difficulty is encountered due to the dif-

ferent relative aperture sizes and path lengths. Diffraction effects,

however, can be minimized by judicious choice of dimensions.

Hartshorn and Saxon 67 reviewed Culshaw's work 68 on adapting the

Michelson interferometer to millimeter wavelengths, and Culshaw re-

published a fairly detailed account in 196169. The description of the

technique has appeared in nearly every survey paper of millimeter wave

techniques published, and hence, will not be repeated again here.

Culshaw used the Michelson technique at 12.5 millimeter wavelength. There

seems to be no limitation in using it throughout the millime%er/submilli-

meter region. Though correction for diffraction effects should be made,

even without such corrections, accuracies of the order of 2 or 3 parts in

lO 4 are obtainable.
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Culshawalso adapted the Fabry-Perot interferometer to the milli-

70
meter wavelength region 69' . This, too, has been adequately described

in various survey papers and will not be described in detail here. Like

the Michelson structure it can be used to measure wavelength, velocity of

propagation and material properties.

Brown 6_ lists two advantages of the Fabry-Perot system over the

Michaelson structure:

"l. The response of the receiver as a function of reflector

separation is a series of peaked curves, compared with the sinusoidal

variation of receiver output with reflector position for the Michelson.

The very sharp response facilitates the accurate determination of the

separation between adjacent peaks...This suggests that the sharpness of

the Fabry-Perot response may be expressed as an equivalent Q factor, and

Culshaw has shown that for his instrument the value is 60,000.

"2. The Fabry-Perot is less sensitive to diffraction effects.

This can most easily be seen with the help of the plane wave spectrum

idea. TAe transmitting antenna radiates around the axis of the instru-

ment and in the resonant position only the wave in the axial direction

has the correct phase relation between the components arising from

multiple reflections. The plane waves off-axis are thus 'filtered out'

in the same kind of wave as those traveling very long distances between a

transmitter and a receiver. This conclusion is strictly true only for a

monochromatic beam and a detailed theoretical analysis is needed to de-

termine the limitations imposed by frequency variations in the radiated

signal."
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The Fabry-Perot technique has been used at 50 GHz, 75 GHz, and

even higher in frequency. However, there are increasing difficulties in

maintaining the required flatness in the places. Also in certain regions

of the spectrum the problem might be to find materials which were suita-

ble for reflectors.

Other types of interferometers have been devised, but for the

most part these have had as their objective the investigation of material

properties rather than the measurement of wavelength.

12.6.2 Spectroscopic Techniques

In optics the measurement of wavelength is often accomplished by

refracting the beam under investigation through a prism or grating sys-

tem in such a way that the displacement of the final beam from a certain

reference will give a measure of the wavelength. The references availa-

ble are the known characteristic lines of emission (or absorption) of

the elements. The same techniques can be used in principle in the

millimeter/submillimeter region of the spectrum, where the characteris-

tic lines are those of molecules° Many of these have been identified,

although our knowledge of them is far from complete.

12.7 MATERIALS MEASUREMENTS

12.7.1 Interferometer Techniques

The Culshaw adaptation of the Michelson interferometer has been

used to measure the properties of dielectrics 68'69. The measurem@nt of

dielectric constant is accomplished by the insertion of a sample sheet in
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somewell-defined position, preferably in the fixed arm. From the shift

in the minima the complex dielectric constant can be deduced. As in the

case of wavelength measurement, the results must be corrected for dif-

fraction errors.

The Fabry-Perot arrangement is sometimes preferred for material

measurement. If an unknowndielectric material without excessive loss

is placed between the reflecting plates, a change in the shape of the

resonance curve, and hence the Q, will result. From this maybe deduced

the properties of the material. In many cases such a technique is easier

than the usual waveguide or cavity methods of determining dielectric

constant.

The Froomeinterferometer has been applied to the study of the

properties of matter in the millimeter/submillimeter region 71. The

instrument consists of three fixed mirrors, a movable standing wave

detector, an adjustable attenuator-beamsplitter, and a stable radiation

source, as shownin Fig. 12.4. The bea_ splitter directs two beamsalong

different paths to produce a standing wave pattern in the detector arm.

The detector can detect the maximaand minima of this pattern which should

be cosinusoidal in form. TT_edetector uses a magic T as shown in Fig.

12.5. Arms 1 and 2 are fitted with horns, arm 3 has a termination con-

nected, and arm 4 has a crystal detector mounted.

By introducing a slab of unknown dielectric into arm i and read-

Justing the prism and detector for minimumoutput, it is possible to
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determine the transmission coefficient and all of the related quantities.

The algebraic manipulations are involved, but the technique has the ad-

vantage that no part of the interferometer needs special calibration.

The tests reported were for 35 GHzbut it was planned to extend them to

75 GHz.

Interferometers of yet other types have been devised. A Michel-

son type instrument attributed to Froome6_ replaces one path in air with

a waveguide medium, and substitutes a magic T for the beam splitter. The

possibility of using a calibrated attenuator in the waveguide arm gave

the ability to equalize amplitudes and obtain very sharp minima. Two

other types due to Jamin and Boltzmann have also received attention for

millimeter-wave work. 6_ Details on these are not necessary here. Suf_

fice it to say in concluding that interferometric techniques have proved

of interest and continue to hold promise for the investigation of

materials at the frequencies in question. Their great advantage over

someother teclaniqueS is simplicity, and there is no doubt that they

will continue to be used, particularly in the unexploited regions of

the spectrum. To our knowledge no such instruments are commercially

available.

12.7.2 Spectrogeters

The spectrometer is sometimes defined as an instrument for de-

termining the index of refraction. In essence it is a spectroscope

in which the prism is replaced by a refracting sample whose properties

are to be determined. In the millimeter embodiment of this device,

adapted as so many other optical instruments to those frequencies by
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Culshaw 69, two horns are mounted respectively to illuminate a sample and

pick up the refracted energy as shown in Fig. 12.6. The sample itself

need not be the conventional triangular shaped prism, but of amy regular

shape. It is interesting to note that the same arrangement cam also be

used to obtain reflection and diffraction patterns of arrays of objects,

or bistatic cross-section data. When the source is monochromatic, a

simple application of Shell's law will enable the index of refraction to

be determined. For lossymaterials a more involved analysis may have to

be undertaken to determime the complex index. _e provision for making

measurements with either parallel or perpendicular polarization allows

this additional information to be secured. Although such instruments have

been built at several millimeter-wave frequencies, they are custom made

devices. However, their simplicity and relatively low cost makes them

attractive for laboratory instrumemts.

12.7.3 Spectrophotometer

With this class of instrument the absorption of materials as a

function of frequency is obtained. Measurement of the absorption gives

both qualitative and quantitative information about the molecular system

involved. At each wavelength it measures the ratios of transmitted to

incident radiation.

The Beckman IR-ll is representative of this type of instrument,

shown in Fig. 12-7 The beam from a far-_nfrared incoherent source is

focused by a concave mirror and either passes through the sample under

test or is reflected into an altermate (referemce) path by a chopper, CI.

This disc, half mirrored and half open, rotates at Ii hertz. The
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reference path has a variable attenuator, A. The sample beam after

passing through the material under test is directed through a slit onto

a flat mirror and thence to a second chopper, C2, where it is combined

with the reference beam. The composite beam now passes through a slit,

SI, into a monochromator consisting of various mirrors and four sequen-

tially rotating gratings_ G I, which provide the needed scan. Each in-

dividual grating covers a portion of the range. The dispersed beam now

passes through the final slit, $2, a transmission filter for eliminating

unwanted components_ and onto a detector, D, which in the case being

described is a Golay cell. The detector output positions the attenuator,

A, to make the reference path and the sample path equal in intensity.

The attenuator position is linked to a pen on a strip recorded so that a

recorded transmission spectrum is obtained.

While a particular make of spectrophotometer has been described

for illustrative purposes, there are other manufacturers. In general

the operation is the same. The principles of this instrument could be

carried into the millimeter/submillimeter region provided suitable

sources were available° T_e use of a swept coherent source, if available,

could probably yield more precise information than the currently used

method. This might be a fruitful field for further endeavor.

12.8 CONCLC_IONS

A variety of techniques exist for measurements in the millimeter/

submillimeter region. Conventional waveguide techniques can be adapted

with varying degrees of success to all frequencies where waveguide exists.
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Techniques developed for optical and infrared use can be adapted to lower

frequencies and have been used in research laboratories down to about

35 GHz. Further development of measurement methods for laboratory pur-

poses above lO0 GHz should prove of considerable value in advancing the

field. Of particular interest are the measurement of power, frequency

(wavelength), attenuation and phase shift (refractive properties). These

latter are of particular interest in the measurement of materials. It

is not always clear what accuracy can be obtained in the cited methods,

and often one has no theoretical reason for choosing one method over

another. Considerably more work needs to be done in this area.
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Chapter XIII

ELECTROMAGNETIC RADIATION HAZARDS

13. I DEFINITION OF HAZARDS

The hazards of exposure to electromagnetic radiation are

historically the result of experimental observations. The hazards

have been observed for biological materials,fla_abl_ materials,

electroexplosive devices and components, and materials in general.

The danger of exposure has been observed at all parts of the frequency

spectrum from essentially zero to lO_D Hertz. In some cases, the

resulting damage is not permanent; that is, the object or device

recovers completely when radiation is removed. In other cases,

the damage is permanent. Furthermore, the permissible dose rate may

be a threshold or it may be cumulative. Thus, one can see that

there are many aspects to electromagnetic radiation hazards. For

convenience, these aspects are described separately in the sections

which follow for biological materials,fl_rlab!_ materials, electro-

explosive devices and components or structural materials° The

treatment is primarily documentary since, except for scientific

reasons, no further research is recommended.

13.2 BIOLOGICAL HAZARDS

13.2.1 Nature of Hazard

Damage to living tissues result from physical and chemical

changes that occur when electromagnetic energy is absorbed by these
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tissues. Depending on frequency and the nature of the tissue, the

absorption may be at the tissue surface, deep in the tissue, or the

tissue may be semi-transparent.

The nature of the _mzard depends on the frequency of the

incident radiation. _ere is a natural dividing line in the frequency
O

spectrum at about 2000 A (1.5 × l015 hertz)° Below this wavelength,

the radiation ionizes living tissues and other materials and the

effects of exposure are cumulative. Above this wavelength (lower

fre_lencies)_ the effects of radiation exposure are primarily thermal

and are non- cumulative.

13o2.2 Thermal Effects

o

Below 1._ X l015 hertz (above 2000 A), the presently known

harmful effects: of excessive amounts of radiation are associated

with the average power of the absorbed radiation, are thermal in

nature, and are observed as either a general rise in total body

temperature or as a selective temperature rise of sensitive parts

of the body such as testes or the eyes_ '2'3'10 'Fne only known

non-thermal effects are associated with field strength values

considerably higher than currently available (in fact, higher than

one can launch without spark-over in air). While these effects are

still under study, they are not considered serious at this time4o

Radiation in this region is detected by the senses and gives rise

to the sensation of heat. The nerves of the eye, however, are

not very sensitive to heat and thus eye damage may occur- without

warning.

- 49_ -

I
I

I

I
I

I
!

I
I
I

I
I
I

I

!
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

It is assumed in the case of total body irradiation that a

fever corresponding to a temperature rise greater than l°C is

intolerable. Eye cataracts are produced when the eye temperature

elevation is of the order of 10°C_ It thus appears that body temper-

ature rise is the more serious problem for total body irradiation

and tolerance dose levels should be based on it.

Based on considerations of the amount of heat that the body

can dissipate, it appea_ that if total body absorption of electro-

magnetic energy is ....... _ +_ +_]_ _nn_ i_ s oower density

of O.01 watt/cm 2 for periods of O.1 hour or more and should not

exceed the above mentioned body temperature rise of l°C. For

intermittent exRosure, the tolerance dose is an energy density of

1 milliwatt-hour/cm 2 for periods up to 0.1 hour. 6'36 This guide

applies whether the radiation is continuous or intermittent. The

tolerance dosages are the dividirg line between noticeable and mn-

noticeable biological effects and as such do not have built-in

safety factors.

Exposure to electromagnetic radiation is but one of several

sources of thermal input to the body. Body temperature rise also

depends on other thermal inputs such as metabolism, physical labor

and high ambient temperature as well as on heat dissipation capability

which depends on clothing, humidity and air circulation. Persons

suffering from circulatory and certazn other ailments are also more

vulnerable.
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The above tolerance guide assumes total body absorption of

the incident radiation. It is known that details of anatomy and the

frequency of the radiation affect the precentage of absorbed radiation.

In order to interpret the permissible dosage in terms of free field

power density, the absorption properties of mankind must be known.

This is formulated in terms of the relative absorption cross-section

S, which is defined as the ratio of the power _bsorbed by a body from

the incident field to the power falling on the shadow cross-section

of the body. Relative absorption cross-section has been determined

theoretically and experimentally in terms of a size parameter _, for

simple spheres, cylinders and concentric spheres having complex

dielectric properties similar to biological materials. _ is defined

as the ratio of the circumference of the sphere or cylinder cross-

section to the wavelength of the incident radiation. Experimentally,

human body relative absorption cross-section has been determined by

means of phantoms and expressed as a function of _. From anthro-

pometric data for human adults, considered as equivalent cylinders

or spheres, it has been found that _ lies in the range of 1 _ _ _ 34

with most of the values much greater than one. The corresponding

relative absorption cross-section S for these values of _ over the

frequency range of 400 MHz to lO GHz is of the order of 50_ to 609,

regardless of incident polarization except for the case of TMwaves

with _ less than one (the extreme case of a small man or average

®4-
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woman exposed to microwave fields at 300 MH_. In the latter case,

for waves polarized parallel to the axis of the subject (TMwaves),

S may be between 60 and 805. This is for man considered as an

equivalent homogeneous (infinite) cylinder. 7'8

Since the shape of man may be considered to be effectively

between that of an infinite cylinder and a sphere, one might expect

that the appropriate values of relative absorption cross-section should

lie between those for a cylinder and those for a sphere for a given _.

In o_+_, since in the case of the concentric sp_ _n_] _ has

been shown for _ > 2 that values of S are somewhat higher than for

a single sphere, one would expect higher values of S for a concentric

cylinder model than for a single cylinder model and these values

should be between those for the concentric sphere model and a double

layer slab model.

Thus, on the assumption that adult man may be represented by

concentric truncated cylinders, one may expect values of S in the

range of 50 to lP5_.

Schwan and Li 2 have shown for a 3-layered plane slab made up

of skin, muscle and fat that the influence of skin thickness is quite

frequency-dependent. Above 3 GH_ for instance, normal values of skin

thickness reduce relative absorption cross-section to one half of

the value obtained for a two-layer plane slab model without skin.

At 900MHz, however, there may be a small reduction or increase in

S depending on the thiokness of the fat layer. Because of previously
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shown similarities between the double layer plane slab and the

concentric sphere model, it may be assumed that the above-mentioned

effects of skin will also apply to a three concentric sphere model.

The experimental work on homogeneous doll phantoms has given

values of S of 50 to 60% in the frequency range of 300 MHz to I0 GHz.

It is now reasonable to believe that a 3-1ayered phantom, which would

more closely resemble man, would have given higher values perhaps in

the region of 50 to 125% which has been previously predicted theoretically.

It thus can be concluded that adult man will absorb 50 to 125%

of the incident energy in the frequency range of biological interest

(_00 MHz to I0 GHz), and particular values in this range will depend

on frequency, thickness of skin and subcutaneous fat. Above i0 GHz,

absorption is predominantly in the skin and is usually associated with

the sensation of heat. The exact amount of energy absorbed or reflected

is not presently known for the frequency region of I00 GHz through 30 THz.

However, no serious hazard is believed to exist since the skin sensation

of heat gives adequate warning of exposure and at worst one gets a skin

_urn similar to sunburn.

13.2.3 Ionizing Effects

Presently known high power generators of millimeter and sub-

millimeter waves use voltages in excess of i0,000 volts and consequently

x-radiation from these devices may be expected. For laser type devices,

one may expect incidental radiation in the visible light or higher

frequency region. Consequently the effects of ionizing radiation must

be briefly mentioned.

I
I

I
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I
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Above 1.5 x 1015 hertz (below 2000 _), one has the regions of

the spectrum known as ultraviolet rays, gamma rays, X-rays and cosmic

I
I

!

I

rays, or fast neutrons. This is the region of ionizing radiation

(photon energies in excess of 3 electron volts). The materialwhich

follows has been reproduced with additions from reference 9, which is a

convenient summary of extensive material in references ll through 24.

Damage to living tissues results from the physical and

chemical changes that occur when energetic particles or photons

dissipate energy in body tissue. Harmful results can occur either

I

I
I

through brief, severe exposures that cause exte_si-_ tissue damage, or

as the result of constant exposure to lo_-level radiation of sufficient

intensity to destroy tissue cells faster than the body can replace

them. It is important to note that these radiations are not detected by

the senses and that symptoms of radiation sickness may not appear for

I

I
I

hours or days after even severe exposures. It is therefore extremely

important to monitor carefully all radiations to which personnel may

be exposed and to adhere closely to established radioisotope handling

procedures and radiation tolerance limits.

Hazardous radiations occur commonly in work involving the use

I

I
I

I

I

of radioactive and fissionable materials, nuclear reactors, X-ray

generators and hlgh-energyparticle accelerators, as well as magnetrons,

klystrons, TWT and other high vacuum tubes operating at voltages above

eight kilovolts° Radioisotopes emit energetic 7 rays, 6 and G particles.

High-energy accelerators can produce intense primary beams of protons,

electrons, deuterons, G particles (and X-rays and neutrons as secondary

radiations when the beams are allowed to strike matter). _ne fissioning
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materials of nuclear reactors produce enormous amounts of all radiations,

particularly neutrons, as well as large volumes of radioactive waste

materials° Radiation intensities encountered range from those of small

microcurie radioactive wastes that must be removed periodically from

nuclear reactors to those of high voltage particle accelerators and

cosmic rays.

13o2.4 Protective Measures

For the frequency region in which thermal effects are dominant,

(below 1o5 x 1015 i<ertz) tolerable dose rates have been established° It

is sufficient to surround the source of radiation with an enclosure which

prevents access to other than authorized persons. _o_e enclosure should

be posted with the standard microwave radiation hazard symbol shown in

reference 36. A new hazard, laser light, has appeared recently° Little

is knowr__ about it except for its potential for producing severe eye

damage° _is i_ not presently a hazard in the millimeter and sub-

millimeter region but it may become one when these waves are obtained as

a result of mixing of optical or infrared lasers. A warning sign has been

desi_±ed for lasers but is u_official (see Microwaves and !eser

Technology). For persons who must have access to region, s having hazardous

microwave fields, protective clothing has been developed by the UoSo

Air Force (RADC) and the UoSo Navy (BuShips)o

For the frequency region above 1o5 x 1015 _iertz, ionizing

effects are dominant and the effects are cumulative° The tolerable

dose rates are known and it is sufficient to surround the source of

radiation with lead shields or shields of other suitable materials.
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The radiation region should be posted with the well-known ionizi_ radia-

tion symbol. Persons who must have access to posted regions must wear

radiation badges to determine the amount of e_:posure and should in

addition be protected by suitable shielding aprons, gloves and other

garments.

13.3 FT_qMMABLE MATERIALS

13.3.1 Nature of Hazards

Flammable materials, typically aviation fuels and diesel and

heating fuels, may be ignited if the proper conditions exist. These

conditions are: the proper air-fuel ratio, the amount of energy

required for ignition and the proper physical circumstances to allow

an absorbed or induced field to initiate a current or a spark_having

the proper energy.

The above materials have been ignited by corona currents,

lightning discharges, frictional charge resulting from the motion of

the fuel through a hose, orifice, filter, or nozzle, and induced

voltages from radio transmitters. Ignition has occurred on aircraft

and on naval refueling operations.

Ignition phenomena appear to be more or less independent

of frequency. There is extremely little documentation, however, it is

sufficient to note that ignition has occurred from a single capacitor

discharge or transient spike as well as from X-band radiation causing

an arc-over, Some arc-overs observed have been sufficiently intense

at S-band to destroy a fiberglass radome. Additional researchmay be

required for the frequency region above lO0 GHz.
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13.3.2 Permissible Field Strength

Laboratory studies of the effects of corona currents and

sparkovers on the ignition of various fuels is given in ref. 25.

Figurel_o_reprinted from this reference, shows the mini_n corona

currents required for ignition of various aircraft fuels. A minimum

current of about 190 microamperesis required for Ramjet fuel, while

most of the others require about 220 microampereso The minin_am ignition

currents occurred approximately in the middle of the flammability range.

Currents of this order of magnitude are _uown to occur on modern air-

craft as the result of accidental discharges caused by high power radar

and communications equipment.

An investigation of sparkover to ignite aviation gasoline was

also reported in ref° 25° Figure 13o2 gives a curve of minimum

capacitance vs voltage to ignite the fuel. TT_is curve is representa-

tive of energy on the order of 0.64 to 0.88 millijoule, w_ich compares

favorably with the figure of one millijoule reported by other

researchers. Ignition current-time variation also has an effect.

Figure 13°3 gives a plot of minimum current vs time duration for

capacitor discharge ignition of aviation gasoline.

From the above, it can be seen that for ignition of aviation

fuels, corona currents must exceed 180 microamperes; capacitor discharge

spikes or sparks must exceed one millijoule of energy, and have durations

greater than one microsecond.

The translation of data such as this to ignition of fuels on

a missile, aircraft, or naval vessel by electromagnetic waves is some-

what more difficult since resonant structures and gaps are required to
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pick upand discharge the energy. Research reported in reference 25

shows that for an air-fuel mixture which can be ignited by sparks having

the above required minimum energy, no ignition occurs in fields of

average power density less than 25 mW/c#. _ne U.S. Air Force has

established a limit of 5 watts/c# peak power density for refueling

operations near transmitting antenr_as. Depending on duty cycle, this

is about 3-5 to I0 mW/c# average power density.

Hazards in refueling in an electromagnetic field are

considered far greater than hazards to a missile or aircraft transiting

a radio or radar beam. Thus, it seems that the limit of i0 mW/c# used

for a long term biological hazard is also safe for refueling operations

and radio or radar bea_ transits.

13-3-3 Protective Measures

if the fuels were slightly conductive, much of the hazards of

refueling operations would be reduced. In reference 27, it is reported

that turbine fuels have conductivities of 0.2 to 5 C.U. (conducting

units: I C.U. = I0 -12 pico mho/meter). Tarbine fuels having con-

ductivities above 50 C.U. have never been ignited. Addition of an

additive, Shell ASA-3 in concentrations of 0.5 to i part per million

to the fuel will raise the fuel conductivity to 50 to 300 C.U. without

apparent deleterious effects on engine performance.

Most refueling problems on naval vessels stem from the use of

28
grounding wires in the refueling hoses. These wires were used to

prevent static charge build-up due to fuel motion. _ne wires break
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in service and thus constitute arcing points when refueling near

transmitting antennas. With the use of fuel additives, these grounding

wires may be eliminated and this source of trouble may vanish.

Proper design of vents on fuel tanks and enclosures may also

prevent the ignition of vapors by corona, lightning discharges and

induced voltages from transmitting antennas.

13.4 ELECTROEXPLOSIVE DEVICES

13.4.1 Nature of Hazard

Electroexplosive devices (EED) are electrochemical prime

movers. A small chemical explosive charge, contained in a small

capsule, is detonated by the heat from an electrical resistance wire

filament embedded in the charge, the energy of a spark between

electrodes embedded in the charge or electromechanically. These are

one shot devices that have been usefully employed for igniting rockets,

separating the stages of a missile, explosive bolts, opening or

closing valves, as detonators for dynamite, etc.

The EED's are designed to operate or fire above a certain energy

or voltage level and not to fire below it. There are over 15,000

different types of devices, each having somewhat different character-

istics. Some are shielded. The wiring normally used for detonating

the EED frequently acts like an antenna, thus picking up energy from

electromagnetic fields. Thus premature firing of the device may result.

13.4.2 Permissible Field Strength

It has been found that slight changes in the arrangement of

wiring or in orientation of a missile with respect to the field may
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produce large variations in the amount of energy delivered to the EED.

Tnus the nature of the hazard is quite complex. Electroexplosive

devices have been studied in considerable detail 29 and their sensitivities

are known up to about I0 GHz. The sensitivity data on EED's is only

available in classified reports. There is no reason to believe,

however, that there is a frequency limitation on the devices themselves.

EED's with wire bridges have f_mctioning times of a few milli-

seconds and ignition may occur after a time which is long compared to

normal radar pulse durations. Thus average power is an adequate

criterion. 30

Devices with conducting mix or carbon bridges have function-

ing times of the order of radar pulse durations and thus peak power is

3o
a proper criterion.

Reference 30 gives a theoretical calculation of power

received by an EED from an electromagnetic field. This paper assumes

a very simple model for the wiri_ and thus may not be appropriate

for other cases. Reference 31 gives experimental data for an anti-

personnel mine (an overall evaluation of the complete mine). It is

our opinion_ based on the present state of the art, that this is the

only reasonable way to determine susceptibility. This means that

every device employing an EED must be tested over the complete

frequency range of interest.

13.4.3 Protective Measures

The best way of protecting equipment using EED's is to sup-

press the EED itself or to design it such that it only responds to the
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design triggering stimulus. Reference 32 describes filters for EED's

that attenuate stray electromagnetic fields. The use of filters plus

shielded cases for the EED's may well eliminate the problem.

On the other hand, the EED's may be designed to use materials

that function only at a critical frequency and thus automatically make

them independent of their environment except at the control frequency.

This is an approach that has not as yet been investigated.

13.5 c0_o_s

13.5.1 Nature of Hazard

There are three areas of hazards to components, namely:

thermal effects, photo/phonon effects and effects due to ionizing

radiation, either primary or secondary.

Thermal effects on components are relatively well known. They

may arise from any of the above-mentioned effects as well as from

mechanical action. Most materials deteriorate in high thermal ambients.

This is particularly true of dielectrics and semiconductors. While the

effects of millimeter wave energy on materials has not been studied

extensively, there is little reason to believe that any new mechanisms

exist. It is our belief that the effects are the same as those of lower

frequency radiation.

Photo/phonon effects may be expected when intense laser or maser

beams irradiate materials and components. There is extremely little

information on this subject in general, and essentially nothing on

photo/phonon effects on millimeter components. This is an area which

may require considerable study.
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The effects of ionizing radiation on materials and components

is extremely well documented. The best sumnary of this work may be

found in reference 32. This reference includes the environment as well

as the effects on materials. References 34 and39 provide specific

information on specific components.

As far as millimeter wave components are concerned, there is

essentially no documentation of the effects of microwave, thermal, photo/

phonon and nuclear radiation. Most presently known millimeter components

_'_ _1"_pu_u11_ u± cum_un_n_s used in other regions of the electro-

magnetic spectrum. It is reasonable to believe, as far as radiation

effects are concerned, that these components will behave essentially the

same as their prototypes. This is probably true for vacuum tubes, silicon

diodes, and tunnel diodes. There is no information on Gunn effect diodes,

Read diodes and the Josephson effect or on the behavior ofmasers and

lasers in the millimeter region when exposed to the above mentioned

•environments.

13.6 CONCLUSIONS AND RECOMMENDATIONS

13.6.1 Biological Hazards

It is presently believed that biological hazards of millimeter

waves are probably of the same nature as those caused by microwave and

thermal radiation. Further studies of these phenomena would be warranted

only for scientific reasons to improve our detailed knowledge and to

provide further documentation for the above conclusion.
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13.6.2 Flamable Materials and Electroexplosive Devices

The effects of millimeter waves on flamable materials and

electroexplosive devices are believed to be the same as in other regions

of the electromagnetic spectrum. Further research is warranted only

for documentation of this statement.

13.6.3 Components

The effect of millimeter waves on most components is probably

the same as the effects of microwaves and thus further study is not

essential.

The effects of ionizing radiation on millimeter components such

as vacuum tubes, silicon diodes and tunnel diodes can be extrapolated

from their lower frequency prototypes. Gunn effect devices, Read

diodes, Josephson effect devices, masers and lasers must be studied

since little is known concerning their behavior in an ionizing environ-

ment.
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Chapter XrJ

RADIO INTERFERENCE

14.0 INTRODUCTION

In this chapter we are concerned with those aspects of electro-

magnetic compatibility of concern in aerospace technology related to the

millimeter and submiliimeter portions of the spectrum. In general, it is

convenient to define two aspects of electromagnetic compatibility: intra-

system compatibility and intersystem compatibility. The first, intrasystem

compatibility, is concerned with mutual interference problems in a local

or restricted area such as, for example, within a satellite or within the

confines of a ground station. In its usual connotation, it is concerned

only with the operational aspects of a single system. However, it is

sometimes difficult to separate one system from another, since in many

respects an operational satellite may really consist of a number of sub-

systems which are connected together to form the complete system on the

satellite, and it is in this sense that the term "intrasystem" is used.

Much work has been done on the intrasystem problem in connection

with satellites which have already been launched, and in connection with

their tracking and communicating ground stations. It has been generally

concerned with wavelengths falling outside of the millimeter and submillimeter

range. At the present state of the art, it is considered extremely unlikely

that there will be interaction between parts of a given satellite or ground

station at the millimeter and submillimeter ranges for two reasons: (i)

except for thermal noise components, and harmonics of transmitters, these

wavelengths do not arise in a spurious manner as far as is known, i.e.,
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they must be intentionally generated, and (2) the number of applications

for devices in the millimeter and submillimeter range are not likely to

be so numerous that mutual interference within a given satellite or given

terminal location cannot be adequately taken care of by careful but

straightforward design.

Accordingly, the rest of this chapter is concerned only with the

intersystem compatibility problem. For the time being, it is extremely

unlikely that interference will actually be experienced in this portion of

the spectrum, except for the possibility that there maybe background

levels of radiation, such ass re emitted from the s_n, which conceivably

could interfere with a satellite system° Source material on this subject

in the frequency range of interest is quite limited, hence there are only

a few specific listings in the references of this chapter° For reference

purposes, however, it should be mentioned that asia subject of investigation,

interference in satellite systems has come under serious scI_tiny recently

in the activities of CCIRo The work reported inclu.les no specific

considerations at frequencies above lO C_Zo However_ _any of the docu-

ments which ha_e been presented are general in treatment 9 so that they

may be considered to assist with analysis of effects at millimeter and sub-

millimeter frequencies. The documents which are ps_'t of the record of

Study Croup IF (Space Systems and Radioastronon_ _) of the )_I Plenary Assembly

of CCIR, held in 0slo in 1966, are included under refo 1 of this chapter°

Each document contains a rather extensive list of references to _ource

material°
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In section i_.2, quantitative methods of analysis of situations

which might develop in the future are discussed in some detail.

14.1 CHARACTERISTICS OF COMPONENTS

In evaluating any given electromagnetic compatibility situation,

the following properties of components should be taken into consideration.

a) Generators operating at frequencies below the range

of interest may have substantial output at harmonic or spurious frequencies

in the range of interest. Output levels may be of the order of one

b) Since space systems will be required to operate at low

levels, thermal radiation from a planetary surface or atmosphere or non-

thermal radiation from the sun or planets may be significant as interference

S ource s •

c) Most_ but not .all, of the available generation

techniques will produce spurious outputs due to intermodulatlon. The

solid-state maser is an exception to this.

d) Filter techniques appear to be available and can probably

2
be adequately designed for specific applications.

e) Some design work is required to optimize antennas in

thls range with respect to lower effective noise temperature and reduced

sidelobes.

f) Shielding techniques provide effective means of control

because of the relatively small size of components.

g) New techniques for performing many of the necessary

electronic functions are under investigation. Such techniques will require

- 919 -
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careful evaluation from the electromagnetic compatibility point of view° 3

h) In relatively unsophisticated receivers which may be

used on satellites, strong out-of-band transmitters (e.g., earth-based or

satellite-borne radar) may block the receiver unless it is adequately

filtered.

14.2 INTERSYSTEMCOMPATIBILITY

The following general classifications shall be used for discussion

purposes:

i) ground-station to ground-station

2) ground-station to satellite or aircraft

3) satellite to ground

4) satellite to satellite

5) cosmic to satellite or ground-station

14.2.1 Ground-Station to Ground Station

Interference in the millimeter and submillimeter portions of

the spectrum is extremely unlikely because of the low power levels that

can be expected and because of the high directivities with which such

frequencies would likelybe radiated. One consideration of importance,

however, that could be grouped in this class ....._ _c_c_n_ the la_!ching_ p_=..........In

this case, as the satellite rises off the groun@ it could come within

line of sight of a source of millimeter radiation while it is at relatively

low altitudes. This, in turn, would interfere with ground station

operations. Such is likely to be the case only if the site transmitting

the millimeter or submillimeter radiation is in relatively close

geographical proximity to the launching station. By careful control of
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frequency allocations, and by keeping accurate records of research

organizations which might be engaged in the use of t_s portion of the

spectrum, such situations can be controlled without difficulty. Special

consideration should be given to the fact that receivers of this type may

have relatively low spurious frequency rejection characteristics, and

at some time in the future when the use of this portion of the spectrum

becomes more extensive, it will be necessary to provide formal control

methods. Meanwhile, it is considered that no special measures need be

taken for protection of this frequency range.

14.2o2 Ground to Satellite

Satellites in orbit at distances of the order of lOO miles or so

have direct llne of sight to rather extensive areas of the earth;s surface.

Furthermore, because of physical limitations, they may contain relatively

unsophisticated equipment. Satellites are therefore likely to be vulnerable

to radiation in this portian of the spectrum, especially if the radiation

is being used for studies of the atmosphere or lunar or planetary surfaces

4
by means of an active device. It is recommended that some group be charged

with responsibility for keeping records of the uses of these frequencies

so that when missions are designed which will utilize them in the near

future, information will be available that can be used for the purpose

of evaluating the possibility of mutual interference. In frequencies

below lO GHz, there is considerable activity in tabulating frequencies

in use and the location of transmitters. In the millimeter and submillimeter

regions the maintenance of such records is a simple matter because of t_b2

low density of sources.
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14.2.3 Satellite to Ground

Reports have been received from the ground stations of the

Satellite Tracking and Data Acquisition Network of interference due to

the simultaneous appearance of satellites over ground installations. 5

Though the bands available for this work are parceled out with a view to

avoiding such interference, the number of satellites aloft is such that

frequency sharing has become necessary. For instance, there are now

about 30 satellites in orbit which require about 45 frequency assignments

in the 136-137 _z band. Current plans are for nearly 80 satellites with

a need for about 120 frequency assignments in the band° Though not all

the transmitters re_u2e much bandwidth, an average channel bandwidth of

about 30 KHz is indicated. There are therefore only 33 clear channels

in the 1MHz allocatlau, and frequency sharing is a consequence° At one

site at Rosman, North Carolina, there were_during 1965, about 25 encounters

involving satellite to ground interference. Of these, 9 incidents were

recorded involving co-channel interference. It is revealing t_t the con-

gestion is such that an even greater number of adjacent-channel interference

situations have arisen.

Studies are currently underway ta devise means for reducing the

number of interference encounters° In addition to devising ways for

reducing the equipment susceptibility, especially in regard to adjacent

channel effects, advantageous frequency assignment techniques are being

developed. The latter make use of the known or expected orbital parameters,

the parameters of the communications systems involved, the traffic

handling capabilities of the ground stations, and satellit e priorities.

- _18 -

I
I

I
I

I
!

I
I
I

!
I
I

I

i
l

I
I



i

I
I

I

From these an assignment procedure can be worked out on the basis of

maximum information transfer from satellite to ground.

At some time in the future it is conceivable that this type of

interference can be expected in the millimeter and submillimeter rarge.

In order to control this situation, it is advisable to keep a record of

i
transmitters which are in use. Furthermore, consideration should be

given in the design of equipment at a_ give time to the possibilities

I

I
!

of mutual interference. It is likely that it will be _athe_ _ dm_m_l_ to

__±j __ _ ±_pu:_e o± _m±s equipment %o spuc'ious ra_!a_;ions.

However, one can benefit from the high directivities that can be obtained,

and a system tradeoff study would appear to be in order at such time as

the situation appears to get critical.

I

I
i

14.2.4 Satellite to Satellite Interference

It seems extremely unlikely that one satellite will interfere

with another in this frequency range, in the first place, the po_er

radiated is likely to be small, and in the second place, the distance of

separation will be large. On the other hand, it is likely t_a_ in some

I

I

I

cases antennas of low directivity will be used. in such a case incompatible

situations could be produced, but they must be evaluated at the time when

such techniques appear to become more extensively used th_:n at present.

14.2.5 Cosmic to Satellite and Ground Station Interference

This case can be of considerable concern. Studies are now going

I
I

I

on to determine whether or not there is any substantial radiation in the

millimeter and submillimeter region which is of cosmic origin. For

surface installations, much of the spectrum is shut off because of the

attenuation of the earth's atmosphere. _ue prin___j source of cosmic
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interference is likely to be the sun, because of its high temperature.

Levels of solar radiation at critical frequencies are given in Chapter X.

14.3 CONCLUSIONS

The limited use being made of millimeter and submillimeter waves

and the expected limited use in the near future indicatesthat no special

steps should be taken at this time in the area of electromagnetic

compatibility.

As soon as frequent use of such wavelengths is made, records

of such use should be carefully kept. If the use becomes extensive,

serious interference problems may be created because of the potentially

poor spurious response characteristics of equipment and the limited number

of useful frequencies.
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